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A bstract
This  study inves t iga ted  the P sorpt ion propert ies  o f  15 acid soils f rom 
I l lawarra ,  and the effects  of adding b iosol ids  based on sugarcane  P 
requirements  on the chemis try  of soil P, Cu and Zn. Three  highly 
weathered soils were t reated with biosol ids  where each soil received  0, 
70, 140, 210 kg P/ha i.e. (0, 5, 10, 15 g/ kg) and incubated at 25°C fo r  90 
days at e i ther  80 or 100 % water holding capacity . Subsamples of  the 
incubated soils were per iodica l ly  extracted for  soil solutions and for  P 
sequential  f rac t iona t ion  studies. Soil solutions were extracted  by 
cen tr i fuga t ion  technique  and the concentra t ions  of Al, Ca, Cu, K, Mg, 
Na, P, S, Zn were determined.  Sequential  f rac t iona t ion  of  solid phase P 
was conducted to study the changes in inorganic  and organic  P in the 
soil components .  In order  to monitor  the contr ibution of microbial  
processes to soil so lution P, the microbia l  populat ion act ivi ty  was 
monitored  by C 0 2 evolu t ion  and by the extract ion  of microbial  biomass. 
In a subsequent  experiment ,  the d is tr ibut ion  of Cu and Zn in the soil 
components  was f rac t iona ted  from biosol ids  amended soil samples which 
had been subjected to 14 wett ing and drying cycles.
Biosol ids  am endm ent  increased the soil solut ion concentra t ions  of 
e lements  under study in propor t ion  to the amount  applied. Increases  were 
highest  on Day 20 which corresponded  to the highest  microbial  act iv i ty .  
Changes in solut ion P appeared to be strongly  inf luenced by Fe and Al 
oxyhydrox ide  minerals  and native  avai lable  P. P f rac t iona t ion  indica ted  
that  P tended to accumulate  in the more stable NaOH -  P and res idual  P
VI
forms (both f rac t ions  to ta l l ing  up to 80 %), at the expense of the labile P 
fract ion.
The concen tra t ions  of Cu and Zn were low, < 0.2 and < 0.5 mg/L 
respect ive ly .  Sequentia l  f rac t iona t ion  of Cu and Zn also showed that  soil 
contents  were e levated  as a result  of biosol id  addit ion. The order  of 
d is t r ibu t ion  of the four  major  Cu frac t ions  for  the amended soil was: 
res idue >meta l  organic  complexed >organic  bound >crysta l l ine  bound,  
whi le for Zn it was :
residue >metal  organic  complexed >carbonate  bound >organic  bound.
It was also noted that  only exchangeable  Zn could be detected while 
exchangeable  Cu was below detect ion limits.
In conclusion ,  b iosol ids  can be used as a supplementary  P fer t i l i ser  
which could provide other  macro and micro nutr ients  when applied on 
highly weathered  soils.
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Chapter 1 
Introduction
1.1 G lobal Use of B iosolids
Increas ing  environm enta l  concerns indicate that  wastes of  all types 
will  need to be e ff ic ien t ly  managed i f  we are to sustain a healthy 
environm ent  in the future.  This is part icu la rly  importan t  keeping in 
m ind  the escalat ing global  human populat ion.  The disposal o f  urban 
and industr ia l  wastes (defined in this chapter  as b iosol ids  or sewage 
sludges)  is d i f f icult  and an expensive problem confront ing  regulators  
and local councils  in countr ies throughout  the world. The production  
o f  these wastes is, and will continue to be, an ongoing phenomenon as 
long as hum an c iv i l iza t ion  persists.  Worldwide ,  the m anagement  of  
u rban  and industr ia l  wastes have received much at tent ion since the 
ear ly  1970's, when the implications of  the presence  of  potent ia l ly  
tox ic  substances (PTS's)  to environmental  and human heal th  was 
recognised .  Toxic  chemicals  found in both urban  and industria l  
wastes  include  metals  and inorganics , po lych lo r ina ted  benzenes 
(PCB's) ,  po lyarom at ic  hydrocarbons (PAHs), ha logenated  aliphatics,
pes t ic ides  etc (McLaren  and Smith, 1996).
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Sewage sludge can have substantia l  p rob lem s assoc ia ted  w i th  its 
disposal and these are discussed below. Some o f  these  p rob lem s  arise 
from the fact that  in most metropoli tan  areas there is no separa t ion  
between domestic  and industria l  sewage and wastew ater .  In some 
si tuat ions, urban ru n o f f  and storm water  also find their  way into  the 
sewage works. However,  although industr ia l  con tam ina t ion  is a m ajor  
problem with sewage sludge, domestic  sewage alone is by no m eans  
completely  free of  a range of  potent ial  contaminants ,  for example ,  the 
heavy metals  copper (Cu) and zinc (Zn), various  p a thogen ic  o rgan ism s 
and a whole range of  organic chemicals.
The tradi tional  means of  waste handling and d isposal  inc lude  : 
a) ocean disposal  through barging or p ipel ine  t ransport ;  b) dew a te r in g  
and drying with disposal  in a landfi ll ;  c) inc inera t ion ;  and, d) 
lagooning. Ocean disposal has been banned in m any countr ies .  
Sludge disposal to agricultural  land is widely  p rac t iced  in E urope,  
Asia, Austra l ia  and USA (McLaren and Smith, 1996). In the  U n i ted  
Kingdom (UK), 44% of  the est imated 1.1 m il l ion  dry m etr ic  tons of  
s ludge produced annually  is applied to agricultural  land (Smith ,  1996) 
while  almost all s ludge produced in some Asian countr ies  is applied  to
agr icu l tu ra l  land (M cLaren  and Smith, 1996) .This  amount is expected
to increase  as a resu l t  o f  the ban by the European Union (EU) on 
disposal  o f  s ludge to sea in 1998 and in compliance with the EU 
Direc t ive  to improve  wastewater  quali ty  (CEC, 1991). This means 
that  all wastes in the future  must be disposed on land. Current  land 
based  opera t ions  include  recycl ing  to agricultural  land (and a few 
other  m inor  out le ts)  and disposal  to landfi l l ,  either  as dewatered 
sludge or as inc inera to r  ash. Unlike  these countr ies ,  60% of  sludge 
p roduced  in Japan is incinerated with the rest being disposed onto 
land. Disposal  m ethods  are, however,  changing, because construct ion  
and opera t ing  costs re la ted  to inc inera t ion-based  t rea tment  are r is ing. 
The increase  is due to measures needed to reduce pol lu tants  such as 
dioxins.  In addit ion,  the Kyoto protocol  which puts res t r ic t ions  on 
green house emiss ions (Brown, 1998), has made land based disposal  
an increas ing ly  popu la r  alternative.
1.1.1 Threshold limit
Land appl ica t ion  of  wet sludge is a method of  disposal that  is 
econom ical  and solves the disposal  p roblem in a benefic ia l  way, 
because  the organic  matter ,  nutrients ,  and water  in the sludge are
4
recycled back to land. However,  m unic ipa l  wastes also conta in  
substances that in excess concentra t ions  could lead to adverse  effects  
on soil and environmental  quality. In the past ,  three m ajo r  cons t ra in ts  
have limited land application of  sewage sludge: (a) n i t ro g en  in excess 
o f  crop needs; (b) pathogens;  and (c) heavy metals . Recen t  concerns  
include a fourth category: endocrine  d isruptors .  Most  governm en t  
regula t ions  address the first three constra in ts  (n i t rogen,  pa thogens ,  
heavy metals) ,  but not the fourth (endocrine  d isruptors) .
Ni t rogen management  of  sludge applied to land, fo l low ing  the CFR 
regulations,  is followed by all publ ic ly  owned w as tew ate r  t rea tm ent  
plants applying sludge to land, using p rocedures  in the p u b l ished  
l i terature. F inding environm enta l ly  acceptable ,  secure  and cost 
effective outle ts  for urban and industr ia l  wastes  is a l ready  a 
chal lenging task because of  legis la t ive  constra in ts  and pub l ic  
sensit ivity.
I rrespective  o f  the nature of  wastes , leg is la t ion  in most  countr ies  
recognises a threshold  limit for toxic substance  load ing  inc lud ing  
nutr ients  above which excess loading could lead to adverse  effects  on 
soil and environmenta l  quality. In o ther  words ,  there  is a cri t ical
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th resh o ld  b ey o n d  which  crop p ro d u c t iv i ty  may increase  at the expense 
o f  soil and env ironm en ta l  quali ty .  These  th reshold  values differ  
am ongs t  coun tr ies  and depend on the na ture  o f  soils inc lud ing  cl imat ic  
pa t te rns .  W ork  conducted  in USA, UK, Europe and Asia  shows a 
b u i ld  up o f  heavy  m eta ls  in soils from sludge applica t ions .  At these 
sites, e levated  metal  concen tra t ions  in crops and also subsurface  soils 
are be ing  recorded .  For this reason, leg is la t ion  is be ing  developed  to 
ensure  that  there  is a th reshold  for metals  and other  organics  beyond 
w hich  s ludge d isposa ls  could have an adverse  impact  on soil and crop 
quali ty .  Other  concerns  about land applica t ion  o f  sludge are vector  
a t t rac t ion  and synthetic  organic  compounds,  like d ioxins and 
p o ly ch lo r in a ted  biphenyls .
B eg inn ing  in 1968, several  long term studies have been com ple ted  to 
de te rm ine  changes  in soil p roper t ies  and crop plant  y ie lds  with 
b ioso l id s  app l ica t ions  (Hines ley  et al 1979). Po ten t ia l  benef i ts  o f  
b ioso l id s  in p ro v id in g  p lant  nutr ien ts  such as N, P, Ca and organic  
m a t te r  have  long been  recognised .  However ,  its poten t ia l  ha rm ful  
e ffec ts  th rough  the in t roduc t ion  o f  heavy metals ,  such as, Cd, Cr, Hg 
in to  the food chain are o f  concern  (Hue et al., 1988).
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1.2 Pacific Island Situation
Information that is available on the use of  b iosol ids  for agricultural  
purposes is based on studies carried out p redom inan t ly  in more 
developed temperate countries. There is lack o f  in fo rm at ion  on 
similar work in tropical South Pacific island countr ies.  The problem 
seems to be controlled by the lack of  resources namely  finance,  
faci lit ies and expertise in scientif ic  and technical  skills.  With  the 
increase in awareness for good environment leg is la t ion  and pol icy, 
and the progress in development of  technology to treat  wastewater ,  
island governments should be looking for methods of  u t i l i s ing  b y ­
products from waste t reatment facilities.
The l ivelihood of  Pacif ic  island people is heavily  re l ian t  on marine 
ecosystems. The geography o f  the islands, i .e., the small land masses 
surrounded by ocean, define very fragile ecosystems which makes 
waste  management an important  issue that needs to be resolved  by 
island governments especially in light of  the ban on ocean disposal.
The amount of biosolids, calculated from popula t ion  numbers  of  
island states where sewarage infrastructure is non-ex is ten t  is 
approximately  9000 tonnes/ yr. This translates to 198 tonnes of  p/ yr
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based  on 2.2% tot P content  (Sommers et al., 1976). This is a 
s ign i f ican t  amount  o f  fer t i l i ser  resource which could be util ised by 
is land  governm ents  for agriculture.
1.3 Sew age System s/ what is done with b iosolids in 
P acific  Islands
Most urban  centres around the Pacif ic  region are serviced by some 
cen tra l i sed  sewage t rea tment  facili ties.  The biosol ids are disposed of  
at sea, on land (as landfill )  and, to a much lesser extent, on home 
gardens.
In Fij i ,  the m ajor  wastewater  t reatment  facili ty is the Kinoya Sewage 
T rea tm en t  Plant  (KSTP) which provides t rea tment  o f  sewage in the 
grea te r  Suva city, the capital  o f  Fiji. This plant  provides trea tment  for 
sewage from approxim ate ly  100,000 people. This  is a secondary 
t rea tm ent  fac i l i ty  involv ing  digestion and drying beds, with on site 
s tock p i l ing  o f  dried biosol ids  (KSTP, 1998). There  are also several 
in te r im  t rea tm ent  facili t ies  serving isolated pockets o f  the city suburbs 
(Connell ,  1985). These,  and other smaller  plants  opera ted  by large 
ho te ls  and o ther  urban  centres, also treat  wastewater  to a secondary 
level  with  e ff luents  discharged into r ivers or coastal waters.
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Restrictions on biosolids disposal and an increas ing  social awareness 
concerning the need to recycle organic wastes to increase p roduct iv i ty  
and to achieve environmental sustainabil ity makes land applica t ion a 
viable alternative. In the Pacific region, the agricul tural  use of  
biosolids has not been well accepted due to cultural  sensi t iv i ty  and 
perhaps the lack of information promoting its fer t i l iser  use.
Fiji  currently imports about 18 500 tonnes of  P fer t i l iser  per year  for 
sugar cane farming at a cost of $F7 million. The sewage plants around 
Fiji currently produce a total of  1224 tonnes o f  dry digested biosol ids  
annually. At 2.2 % total P content (Sommers et al., 1976), the total 
phosphorus that could be available in biosol ids  from F i j i ’s t rea tment  
plants is approximately  27 tonnes. The country therefore  could stand 
to benefi t i f  the agronomic value of  b iosol ids  was rea l ised and 
subsequently utilised.
1.4 Potential of biosolids as a F ertiliser
Biosolids have a high content of plant m acronutr ien ts  (N, P, K) and 
micronutr ients  (Cu, Mn, Fe, and Zn) that  could be effective in 
correct ing the nutrient  status of  less fer t i le  soils (Cavallaro et al
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1993, Rostagno and Sosebee,  2001). The high organic matter  content 
could also improve the physical  propert ies  o f  soils. Biosolids 
applica t ion  to degraded rangelands in New Mexico dramatically  
increased  soil organic matter ,  soil N, biomass production,  inf i l t rat ion 
capaci ty  and decreased erosion (Fresquez et al., 1990). Increased 
b iomass  product ion  was also observed on desert grasslands in western 
Texas after surface applicat ions of  biosolids (Benton and Wester, 
1998). These results  have contr ibuted to the increasing interest  in 
p rom oting  biosol ids  as a soil condit ioner  and a fert iliser.
1.5 Why Focus on P and Trace M etals?
P is one o f  the 16 essentia l elements or macronutr ients  required for 
p lan t  growth and is important  for energy transfers in plant 
b iosynthes is .  M icronutr ien ts  are those elements needed by plants in 
m inute  quanti t ies ,  but have important  roles as const ituents of  enzymes 
that  ini t ia te  and help carry out many biochemical  t ransformations 
(Wolf , 1999).
The P status o f  the parent  materials  of  most soils in the South Pacific  
Is land countr ies  is low, so soils developed from them also show 
defic iencies .  In addit ion, the prevai l ing tropical  climate means that
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soils of higher volcanic islands are h ighly leached resulting m  less 
fertile soils often having high P fixat ion capacities (Sanchez and 
Uehara 1980). This means that P is a common l imiting nutr ien t  for 
sustainable crop growth. Inorganic P fer t i lisers  are commonly applied 
to agricultural land to meet crop P requirements  and boost  soil P 
fert ili ty (Withers et al., 2001)
Studies on biosolids have found signif icant  amounts o f  nutr ien t  
elements like P and trace metals present  (Epstein, 1976, Senesi et al., 
1989, McLaren and Smith, 1996, Lindsay and Logan, 1998). 
Sustainable land applicat ion of biosolids requires an unders tanding  of  
factors likely to influence the behaviour and b ioava i lab i l i ty  o f  these 
elements. The fate and dynamics of  such elements will vary with both 
the nature of  biosolids and soil type. This is the challenge faced by 
Pacif ic  Island countries where most soil types other than Aridsols  are 
found. This research is the first major study in the use of b ioso l ids  in 
Pacific island soils.
Accurate assessment of P availabili ty  in soils is importan t  for 
sustainable agriculture and environment protection. A l though  
influences of soil chemical propert ies  on P release from soils and
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uptake  by p lants  have  been well inves t iga ted  and reported,  predic t ion  
o f  P requ i rem en ts  rem ains  imprecise  (Wang et al., 2001).
Prev ious  inves t iga t ions  carr ied out on b iosol ids  used applica t ion rates 
based  on n i t rogen  levels . As a result,  P is often in excess o f  plant  
requ irem en ts  lead ing  to high nutr ien t  levels  in water bodies , 
unba lanced  p lan t  n u t r i t ion  and low P u t i l i sa t ion  eff ic iency  (Sui et al., 
1999).
This thesis  a imed to inves tigate  the use o f  b iosol ids  as an a l ternat ive  
source  of  nu t r ien t  P with rates based on its P status. An attempt was 
m ade  to evaluate  the redis tr ibut ion  of  P added with biosol ids  
amendment ,  on soil P fractions.
Cu and Zn, a l though  considered trace metals ,  are always present  in 
b ioso l ids  even in those  having domestic  origins only. These metals  
were  inves t iga ted  for an unders tanding  of  their  behaviour  when added 
to soil th rough  b ioso l ids  because they have both  benef ic ia l  
(m ic ronu tr ien t)  e ffects ,  but  can be toxic  i f  present  in large 
concen tra t ions  to p lants .  In addition, Cu and Zn were inves t igated
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because of  their high affinity to complex with organic m ater ia ls  both 
as solid organic matter and as soluble organic matter.
1.6 Why is this Project Im portant ?
F i j i ’s principle export earnings come from raw sugar which it markets  
to a number of countries including UK, Malaysia , USA, Japan and 
China. Most of the 93,200 hectares of soils u t i l i sed /access ib le  for 
sugarcane farming are classified as Oxisols and Ult isols  (Morr ison et 
al., 1987). Studies on some farmed sites have shown a gradual  decline 
in soil ferti lity which has made annual additions o f  inorganic  fer t i l iser  
necessary to sustain reasonable  product ivity. In addit ion, excessive 
cultivation and the passage of heavy machinery,  pa r t icu la r ly  at high 
soil moisture contents, have resulted in soils with high bulk  densi ty, 
high soil strength and reduced levels o f  organic matter .  These  factors 
result in poor root growth and low crop production.  Another  problem 
is soil acidif ication associated with the use of  high rates o f  inorganic  
N fertiliser in a leaching environment.
As previously mentioned, the Fiji  Sugar Industry  current ly  spends 
approximately $7 mil l ion on N and P fert i lisers  which  are used at a 
rate of 30-70 tonnes/ha/year.  These costs have to be borne  by
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farmers. I f  the agronomic value of biosolids from sewage treatment 
plants in urban areas could be utilised as an alternative fertiliser 
source and a soil conditioner, there could be significant financial 
benefi ts  to farmers and the sugar industry as a whole.
1.7 O verall Aims and Objectives
The broad aim of this study was to investigate the effects of using 
biosolids as a fert iliser on acid soils common to South Pacific Islands. 
Attempts were made to focus on the effect of biosolids on soil P and 
the trace metals Cu and Zn and the factors influencing their plant 
availabili ty .
The specific objectives of the study were :
I. to evaluate P adsorption properties of 3 acid soils of  the 
I l lawarra/Shoalhaven region of NSW, Australia;
II. to quantify levels and investigate the factors affecting the 
availabili ty  of  P in soils amended with biosolids over a 
period of time;
III. to study the behaviour of P, in soils amended with biosolids;
3 0009 03300679 7
14
IV. to determine whether plant available P is inf luenced by 
mineralisa tion of organic P in a control led condit ion over 
time;
V. to investigate the composit ion of soil solut ion with  respect  to 
P and Cu and Zn during incubation of  biosol ids  with soils;
VI. to study the effects of biosolids amendment on the behaviour  
of the different species of Cu and Zn in soil under simulated 
conditions;
VII. to provide recommendations on the possible  use of  b iosol ids  
on Fiji sugarcane farms.
Since it was not feasible to import Pacif ic  Island soils for study in 
Austral ia,  soils from the I l lawarra /Shoalhaven having similar  
morphorlogy,  physical features, chemical  and mineralogocal  
propert ies to soils under sugarcane cult ivat ion  and also under 
commercial agriculture in Fiji  (J. Morrison, pers comm., 1999). The 
JBU soil is similar to the heavy soil under sugar cane in the Seaqaqa 
areas. The GNG soil was selected because of  its s im ila r i ty  to the soil 
in areas of Nadi covered in pine forests while  the dark ULL soils 
resemble those found at the Sigatoka research sta tion. The TGA soils 




2.1 P d istribution  in the environm ent
Phosp h o ru s  (P) makes up about 0.12% of  the E a r th ’s crust (Cathcart,  
1980). It occurs un iversa l ly  in low concentra tions  in soil and water 
and is one o f  the 20 e lements  considered important  for growth,  
dev e lo p m en t  and m ain tenance  of  plants and animals (Kirkman,  1982).
P con ten t  in soils ranges from 100 to 3000 mg P k g '1 most  o f  which is 
p resen t  as o r thophospha te  ( P 0 4) .The total P content  o f  soil depends on 
the paren t  mater ia l  from which  the soil has developed,  and the extent 
to which  weather ing  and leaching  have taken place.  The native  P in 
soils ,  acquired  from parent  mater ia ls ,  or iginates m ain ly  from apatite  
m in e ra ls  where P is p resen t  mainly  as t r ica lc ium  phosphate ,  
Ca3( P 0 4) 3. D ur ing  the process  o f  soil formation,  the apat i te  mineral  is 
co n t in u o u s ly  m obi l i sed  and transform ed into organic  P and secondary 
m in e ra l  P which can be lost from the soil prof i le  th rough  leaching and
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erosion (Walker and Syers, 1976). As the rate  o f  P loss from 
anecosystem exceeds the rate of  input o f  p lant  available  P from 
mineral weathering, the level of  organic P and organic mat ter  beg in  to 
decline (Walker and Syers, 1976). Through weathering,  the soil clay 
fraction changes from basic primary minerals  to A1 and Fe dominated  
oxyhvdroxides with high P sorption capacities. Inorganic  P in 
strongly weathered soils is associated almost  enti rely with  these 
oxyhydroxides (Frossard et al., 1995).
2.2 Soil solution phosphorus
The soil solution is the immediate source of  P to plant  roots. The 
relationship between the soil solution P and other forms o f  P in the 
soil may be described as:
Soil solution P iQorganic *  labile P^ ~  ► nonlabi le  P
Labile P is the term describing those forms o f  solid phase  soil 
phosphorus that are readily able to diffuse into solut ion while  those  
that are relatively insoluble and unavai lable  to plants  are re fe rred  to 
as nonlabile P. Equil ibrium is rapidly establ ished be tween  labi le  and 
soil solution P, but true equil ibrium is not often, i f  ever, es tab l ished  
between the labile and nonlabile  pools  o f  soil P (Olsen and 
Khasawneh, 1980).
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The concen tra t ions  o f  phosphorus  in the soil so lut ion are extremely 
low and for  u n fe r t i l i sed  soil are general ly  be low 0.3 jig P m L '1 
(M cLaren  and Cameron ,  1996). This  quanti ty  is only a small fraction 
o f  p lant  needs and the  rem ainder  must  be obtained  from the solid 
phase  by  a com bina t ion  o f  abiotic and biotic  processes (Frossard et 
al.,  2000). The forms in which phosphorus  exists in solution are 
governed  by pH and complex formation.  These forms include 
p hosphor ic  acid H 3P 0 4, the corresponding  ions,  H 2P 0 4', H P 0 42‘ and 
P 0 42', and the soluble  complexes of  these ions (Larsen,  1967)




2.3 Acid soils and P fertiliser use
Soils with the highest  P requirements  Ult isols , Oxisols and Andosols  
make up 43 % o f  the land area of  the tropics (Sanchez  and Salinas,  
1981). These soils have high P sorption capacity  and may require  
substantial amounts o f  P fer t i liser  to raise the soil so lut ion 
concentration to 0 .2pg m L '1, at which level,  P l im ita t ion of  crop yields 
is alleviated (Sanchez and Uehara, 1980). This is a p roblem facing 
the economic development o f  these soils. P sorp t ion  increases with 
soil clay content part icularly  for amorphous a lum ino-s i l ica te  clay 
minerals .
Fiji  has large areas o f  highly  weathered acid soils which have a low 
production potential  due to acidity; they are, however ,  be ing  farmed 
intensively for commercial  returns (Morr ison et al, 1987). Farm ers ,  
especially sugarcane farmers, are having to cope with the p rob lem  o f  P 
deficiencies and low P reserves by applying large in i t ia l  app l ica t ions  
o f  P inorganic fer t i lisers (up to 1000 kg P h a 1) fo l low ed  by 
significant annual applications (Sanchez and Uehara ,  1980).
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2.4 P hosph oru s cycling in soils
P cyc l ing  p rocesses  invo lved  in soil P t ran s fo rm a t io n  can e i ther  be 
in o rg an ic  or b io lo g ic a l  (F igure  2.2). Inorgan ic  t rans fo rm at ions  contro l  
the  ab io t ic  t r an s fe r  be tw een  the solid phase  and soil so lu t ion  and 
in c lu d e  the  p rocesses  o f  d isso lu t ion  /p rec ip i ta t ion  and so rp t ion  
/d e s o rp t io n .  D isso lu t io n  o f  apat i te  m inera ls  requ ires  acid cond i t ions  
(F ro ssa rd  et al.,  1995) while  in calcium systems, in it ia l  adsorp t ion  o f  
P on ca lc i te  resu l ts  in p rec ip i ta t ion  o f  C a(H 2P 0 4) 2 which  u n dergoes  
t r a n s fo rm a t io n  to hydroxyapa t i te ,  C a10(P O 4) 6(O H )2 (L indsay  et al. , 
1989). H y d ro x y a p a t i te  controls  P concen tra t ion  in soil so lu t ion  
(F ro ssa rd  et a l . ,1995) .
P h o sp h a te  adso rp t ion  by soils has been ex tensively  studied by m any  
au tho rs  (e .g . ,  Syers et al.,  1973; Barrow and Shaw 1979; Sample  et al.,
1980; Lee et al. ,  1981; Fie ld  et al., 1985; Hue, 1991). Sorp t ion  and
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Figure 2.2. Phosphorus cycle
(Moody and Bolland, 1999)
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and desorpt ion react ions describe the uptake and release  of  P by soils 
and regulate  the concentration of  P in solution. In t ropical  and 
subtropical  acid soils the different  forms of  A1 and Fe play a dominant  
role in the P sorpt ion process. Other soil charac ter is t ics  that  inf luence  
P sorption include pH (Naidu et al., 1990; Curt in  and Syers,  2001),  
clay content which influences the surface area (Hue, 1991), organic  
matter  (Fox and Kamprath 1970; Moshi et al., 1974; Singh and Jones, 
1976), exchangeable  cations, ionic st rength  (Curt in  et al.,  1992), 
redox potential  and temperature  (Dodor and Oya, 2001) and presence  
of  anions (Hingston et al., 1972).
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B io lo g ic a l  p rocesses  are a t t r ibu ted  to im m o b i l i sa t io n  and 
m in e ra l i s a t io n  p rocesses  tha t  contro l  the  t ran s fo rm a t io n  o f  P be tw een  
o rgan ic  and in o rg an ic  forms (F rossa rd  et al., 2000).  Form s o f  o rganic  
P us ing  chem ica l  f rac t io n a t io n  and 31P NM R spec t roscopy  have  been 
rev ie w ed  (Sanyal  and De Datta , 1992; Preston,  1996). Most na tu ra l ly  
o c cu r r in g  o rgan ic  fo rm s o f  P are esters o f  o r th o p h o sp h o r ic  acid 
(M c L a ren  and Cam eron ,  1996)
Soil  o rgan ic  P is not  d i rec t ly  avai lab le  but it can con tr ibu te  to p lant  
r e q u i r e m e n ts  th rough  the re lease  o f  inorganic  P by b io log ica l  
m in e ra l i s a t io n .  S tud ies  have  confi rm ed that  chemical  f rac t io n a t io n  o f  
soil  o rgan ic  P based  m ain ly  on so lub i l i ty  in d if fe ren t  alkali  reagen ts  
( sp e c i f ica l ly  N a H C 0 3 and NaOH),  are useful  in the  ex am in a t io n  o f  net 
long  term changes  in o rgan ic  P forms that  occur  in response  to 
a l te ra t io n s  in soil m an ag em en t  or land use. The rate  o f  m in e ra l i sa t io n  
and re lease  o f  P is dependen t  on rate o f  d ecom pos i t ion  o f  o rganic  
m a t te r  w h ich  is in f luenced  by aerat ion,  tem pera tu re ,  pH, m ois tu re
con ten t ,  C:P rat io  and enzymes.
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2.5 Research on Tropical Soils
Most studies carried out on the agricultural  u t i l i sa t ion  of  sludge P 
have been conducted in cool or temperate  c limates where  large areas 
o f  P- deficient soils are not common. In tropical  areas, however ,  large 
areas of  acid oxyhydroxide rich soils occur which exhib i t  low P status 
and high P fixation capacities (Sanchez and Uehara ,  1980). These  
soils general ly have low organic matter,  low plant  nutr ien ts ,  low 
cation exchange capaci ty, and acidic pHs especial ly  in subsoil,  
sometimes resulting in inhibi t ion of  water  m ovem ent  and p lant  root 
growth.
Rates of  biosolids and manure applicat ion to soil for fer t i l i ty  
enhancement  are f requently  governed by the n i t rogen  content  and the 
ni trogen needs of  the crop. Typically,  this resul ts  in P applica t ions  
far in excess of  crop requirements  and a build  up o f  soil P well  beyond 
native levels (Coale and Clear, 1996). Minimal  t i l lage  o f  the soil has 
been incorporated into production practices and because  o f  the re la t ive  
immobili ty  of  P in the soil,  there can be accumulat ions  o f  P at the 
surface of  the soil which is subject to erosion, leading to the del ivery  
o f  this nutr ient  to water bodies via runoff, a l ter ing the abil i ty  o f  these  
bodies to maintain their  natural  trophic  level.
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2.6 Chem ical  com posit ion  of biosolids
B io so l id s  desc r ibes  the l iqu id  and dewate red  m ater ia l  genera ted  from 
t r e a tm e n t  o f  indus t r ia l  and dom es t ic  waste. It is h e te rogeneous  in 
n a tu re  and consis ts  m os t ly  o f  water  and organic  m ater ia l .  A l though  
b io so l id s  conta in  s ig n i f ican t  amounts  o f  N, P and other  nu tr ien ts ,  they 
m ay  also inc lude  a whole  range  o f  heavy m eta ls  the m ost  common 
b e in g  Cd, Cr, Cu, Ni, Pb and Zn. Table  2.1 shows the resul ts  o f  a 
su rvey  o f  sewage f rom approx im ate ly  150 p lants  in 8 sta tes o f  the 
N o r th  Centra l  and Eas te rn  reg ion  o f  the Uni ted  States showed that  
m ea n  and m ed ian  va lues  o f  N, P K were with in  a re la t ive ly  narrow 
ra n g e  w hereas  Pb. Zn, Cu, Ni and Cd were ex trem ely  var iab le  
(S o m m ers  et al.,  1977). The two major  types o f  b ioso l ids  considered  
by  Som m ers  et al.,  (1977)  inc luded  aerobic  and anaerobic  boisol ids .
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Table 2.1 Average concentrations of N, P, K, Pb, Zn, Cu, Ni, Cd in biosolids 
(from Sommers et al., 1977)
Anaerobic  sludge Aerobic  s ludge
N (%) 4.2 4.8
P (%) 3.0 2.7
K (%) 0.3 0.4
Pb (mg/Kg) 540 300
Zn (mg/Kg) 1890 1800
Cu (mg/Kg) 1000 970
Ni (mg/Kg) 85 31
Cd (mg/Kg) 16 16
2.6.1 Factors affecting the composition of biosolids
The composit ion of  b iosol ids  varies dependent  on a num ber  o f  fac tors  
including the type o f  digestion process ,  the  extent  and na tu re  o f  
industr ia l isa t ion  and seasonal variab i l i ty  o f  b ioso l ids  en te r ing  the 
t reatment  facili ty (Sommers et al., 1976). B ioso l ids  from 
industr ia l ised cities have higher metal loadings  than those from rura l  
towns. T rea tm ent  o f  b iosol ids  with chemicals  such as Ca(O H )2
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A12( S 0 4) 3 and F e C l3 to p rec ip i ta te  P, increases  the inorganic  
co n s t i tu en ts  such as P, Ca, Al, or Fe in the s ludge(Soon  et al., 1978).
R e sea rch  has shown that  the  prob lem s may, to some extent,  be 
m in im is e d  by tak ing  m easu res  such as: m a in ta in in g  the pH above 6.5; 
by  l im ing;  by us ing  small  amounts  o f  b ioso l ids ;  and by f requent  
m o n i to r in g  o f  soi ls ,  p lan t  and ground water  qua l i ty  at the  site o f  
a pp l ica t ion .  D esp i te  the m ajo r  hurdles  to the use o f  land app l ica t ion  
as a v iab le  s ludge  m an ag em en t  prac t ice ,  some countr ies  have 
e s tab l ish ed  success fu l  p rogram m es .  Re levant  au thor i t ies  have devised 
su i tab i l i ty  assessm ent  p rocedures  for com m erc ia l  b ioso l ids  app l ica t ion  
and m an ag em en t  gu ide l ines  for the use and disposal  o f  b ioso l ids  
p ro d u c ts ,  e.g.,  E n v iro n m en t  Pro tec t ion  A u tho r i ty  (EPA),  New South 
W ales ,  A u s t ra l ia  (Ang and Sparkes,  1997); and Uni ted  States 
E n v i ro n m e n ta l  P ro te c t io n  Agency  (USEPA Standards ,  1992).
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2.7 Sewage Sludge Effects on Soil Properties
2.7.1 Sewage sludge effects on soil properties
Sludge can be disposed off  through land application,  inc inera t ion ,  
disposal into the sea or burial in landfill ,  but the increas ingly  popular  
pract ice of land applicat ion has stemmed from three basic concerns. 
Firstly, the environmental  issue -in order to avoid pol lu t ion o f  natural  
resources of  air, soil and water, better  waste management  prac t ices  
have been put in place. Sea disposal is now being regarded as a less 
favourable option. Secondly, the increasing energy costs of 
operations like incineration and energy conservat ion have caused a 
minimisat ion of  energy input into sludge disposal pract ices .  Third ly ,  
sludges can supply crops with a large number of  macro- and m ic ro ­
elements; general ly this could be the most economical  out le t  for 
sludge and provides an opportunity  to recycle  benef ic ia l  plant  
nutrients and organic matter to soils for crop product ion  (Kirkham, 
1982).
Land disposal of  sewage sludge is widespread in the North  America ,  
Europe and UK. In the UK, it is est imated that  1.1 mil l ion tons o f  dry 
sludge is produced annually (Williams and Coker, 1981) and w ith in
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the European Union, the total amount is approximately 6.5 mil l ion 
tons. Since 1974, USA has expanded its research into the agricultural  
use of  sewage sludge, and much progress has been made which has 
lead to an increase in the use of  sewage sludge. In 1972, 20% of  the 
total  s ludge produced in the USA went to land application and 40% 
went to landfi l ls .  In 1989, 33.3% of the total sludge produced went to 
land applica t ion as compared with 33.9% for landfi lls (Lue-Hing et al, 
1994). In Austra l ia , much research has been completed in NSW in the 
use of  sewage sludge for agriculture. Studies began in NSW in 1983 
and by 1996, the land application programme by Sydney Water  was 
product ive ly  recycl ing  85% of  the sludge it produced (Ang and 
Sparkes , 1997).
Sewage sludge and other waste products have the potential  to be used 
both  physical ly  and chemically as a soil conditioner . They consist o f  
m ult i -e lem ent  organic wastes including both soluble and insoluble  
organic and inorganic  P compounds. The organic matter  content, 
which const i tu tes  approximately  50% of the solid fraction, may 
improve soil physical  propert ies (Epstein, 1974) while nitrogen and 
phosphorus ,  with values ranging from 2 to 8 % and 1 to 4%
respect ive ly ,  are essentia l nutrients for crop growth (Hortenstine  and
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Rothwell,  1973). Epstein et al., (1976) showed that  labora tory  
incubations of  soil with high rates o f  sewage s ludge caused an 
increase in cation exchange capacity (CEC). With neu tra l  or a lkaline 
sludge additions, pH values o f  acid soils are increased ,  and organic  
matter  added in the sludge can contr ibute  to the ca t ion  re ten t ion  of 
variable  charge acid soils (Hue et al, 1988; Narwal et al, 1983).
In Puerto Rico, studies on an Oxisol and an Ultisol  (pH< 5), to which 
aged municipal  sewage sludge was added showed increases  in pH, 
organic  carbon and cation exchange capaci ty  while  there  was a 
decrease in the KC1 extractable  acidity (Cavallaro et al, 1993). A pot 
and field study by CSIRO, Austral ia , on the effects  o f  apply ing  lime- 
s tabil ised sewage sludge on the yield and com pos i t ion  o f  ryegrass ,  
barley  and pine seedlings showed that app l ica t ions  a lways prom oted  
plant  growth, up to 8% (by weight) in pots,  or up to 80 t h a '1 in the 
f ield except with pine seedlings grown in pots  when growth  was 
in it ia l ly  depressed at the h ighest  applica t ion  rate. At low sludge 
applica t ion rates, P was the main cause of  the growth  responses  while  
at higher application rates, N contr ibuted to the growth  responses.  
Soil and plant analysis  showed sludge to be an e ffec t ive  l iming agent  
and a significant source of  S, Mg, Cu, Na and Mo (W il le t t  et al, 1984)
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New South  Wales (NSW) A g r icu l tu re  repor ted  on various  studies 
carr ied  out  on the use o f  b ioso l ids  as a soil améliorant  and fer t i l iser .  
F in d in g s  by Cooper  (1996) on acid soils in central  western  NSW, 
in d ica ted  an increase  in total carbon content ,  exchangeable  cations,  
to ta l  N and Bray  P. Other  reports  by NSW  A gricu l tu re  repor ted  
s im ila r  resu l ts  as well as increase  in crop yield (Bam for th  1996;
H ughes  and Hirst  1996; K offm ann  et al., 1996). Studies in Western  
A u s t ra l ia  to evaluate  the use o f  sewage sludge as a revegeta t ion  
o rgan ic  am él io ran t  for red mud (bauxi te  residue)  showed a s ignif icant  
r e d u c t io n  in soil bulk  densi ty  ( 2 5 % )  and par t ic le  densi ty  (9%),
in c reased  total  poros i ty  and increased  hydrau l ic  conduct iv i ty .  The 
same study observed  some reduc t ion  in exchangeable  sodium potent ia l  
(ESP)  (W ong and Ho, 1994). ESP is the f rac t ion o f  the cation
ex change  capaci ty  o f  a soil occupied  by sodium ions expressed  as a
p e rc en ta g e ,  and gives an ind ica t ion  of  the sodici ty  o f  the  soil.
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2.8 P in Biosolids
2.8.1 P in Biosolids
While there are many factors to consider  in both  disposal  and r é ­
ut i l isa t ion of  biosolids, P considerations are becom ing  im por tan t  due 
to the rapid changes in waste treatment  techno logy  which have taken 
place over the last two decades. The content and forms o f  P depend 
on the composit ion of  raw sewage and the t rea tm ent  process  to which 
the sludge is subjected. The increas ingly  s t r ingent  s tandards for 
sewage effluent P concentrat ion means that  the content  in b ioso l ids  is 
likely to increase. Kirkham (1982) compiled a list o f  sewage sludge 
contents documented from 1925 to 1981 and a r is ing  t rend  in the 
amount of  total P in sewage sludge is clearly  evident.  E nhanced  P 
removal is achieved either  chemically or b io log ica l ly .  A d d i t io n  of  
chemical  préc ipitants  like lime, ferric chlor ide  or sodium aluminate  
during sewage t rea tment  minimises eff luent  P concentra t ions .  In the 
USA, biological  technology was developed to reduce  eff luent  P to an 
average concentra t ion  of  0.55 mg P /L (Kirkham , 1982).
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2.8.2 Forms of P in biosolids
The total  P content  in b ioso l ids  may vary from less than 0.1% to over 
14% on a dry solid basis  (M cLaughl in ,  1984). L i te ra tu re  data show 
tha t  d iges ted  s ludge has less P (0.49%) than act iva ted  sludge (2.5%) 
(K irkham ,  1982). D e ta i led  studies o f  the charac ter is t ics  o f  P in 
d iges ted  sludge have  of ten  separated the P into 3 fractions:  soluble 
inorgan ic ;  tota l  inorganic ;  and total organic . The  type o f  t rea tment  
g iven  to the s ludge usua l ly  does not affect  the amount  o f  extractable  
P, more  the d i f fe ren t  forms o f  P present .  Studies have observed that 
chem ical  ra ther  than b io log ica l  react ions contro l led  the accumulat ion  
o f  Pin s ludge (Som m ers  et al, 1976).
2.8.2.1 Inorganic  P
Ino rgan ic  P is the p red o m in an t  P form in sewage s ludge and accounts  
for  about 95 to 99% o f  tota l  P (Soon and Bates,  1982; McCoy et al., 
1986) . S tudies  by Sommers  et al., (1976) to evaluate  the variab le  
na tu re  o f  sewage s ludge produced by several  Ind iana  cities (USA)
in d ica ted  that  inorgan ic  P, organic  and inorganic  C, organic  N, Ca and
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Mg were present in sludges at a re la t ive ly  constant  concentra t ion .  
Inorganic P contents ranged from 1.1 to 2.4% of  dried mater ia l .
2.8.2.2 O rg a n ic  P
Organic P consti tutes a rela t ively  low propor t ion  o f  total  s ludge P, 
seldom exceeding 10% in most  sludges, except for some anaerobica l ly  
digested sludges in which levels may account for 10-20% (Otabbong,  
1997).
Sommers et al., (1976) found a high var iab i l i ty  (C.V. > 50%) in the 
amount of organic P in sewage sludge from eight Indiana  cit ies ,  USA. 
This was explained to be influenced by: (i) the method  used to obtain 
numbers which was as the dif ference of  total and inorganic  P; and (ii) 
the time of  sampling.
Litt le information is avai lable on the forms o f  o rganic  P in sewage 
sludge. Work by Chae and Tabatabai  (1981) on 12 sewage s ludges in 
Iowa, found the d is tr ibut ion  of  P to be as follows:
Total P : 1.11 to 2.64% (average,  1.72%)
Organic P: 0.49 to 1.35% (average,  0 .91%)
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Inorgan ic  P: 0.43 to 1.37% (average ,  0.80 %)
W hen  l ip id  P is expressed  as a pe rcen tage  o f  organic  P in these 
s ludges ,  the range  is 0.24 to 8.84% (average,  2 .18%).
E x trac ts  o f  inos i to l  p o lyphospha te  derived from some activated sludge 
in A us t ra l ia  by C osgrove  (1973, as repor ted  by Kirkham 1982) found 
tha t  the p o ly p h o sp h a te  was a mix ture  o f  pen ta  and hexaphosphates ,  
w hich  resem b led  the po lyphospha te  component  o f  soil organic matter .  
S ince  the same p o lyphospha te  mixture  did not  occur in raw sewage,  
C osgrove  conc luded  that  the mixture  was formed as a resul t  o f  
b io lo g ica l  ac t iv i ty  dur ing  the aerat ion process .
W here  m uch  o f  the P in the sludge is in organic  form, e.g.,  in 
b io lo g ica l  s ludges,  slow release  o f  P to inorganic  forms that  are 
ava i lab le  to p lan ts  m ay  occur through the process  o f  m inera l isa t ion .  
M c L au g h l in  (1984)  repor ted  that sludge t rea tm ents  exhib i ted  slow 
dec l ines  in P conten t  with time when compared  to the inorganic  
f e r t i l i se r  m o n o ca lc iu m  phosphate ,  a behav iou r  a t t r ibu ted  to
m in e ra l i sa t io n .
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Two major  processes govern the net P m ine ra l i sa t ion  or 
immobilisa t ion trends that occur when an organic  am endm ent  is 
applied to soils. One is the chemisorption and p rec ip i ta t ion  react ions 
involving P and minerals  in the soil and compost;  the o ther  p rocess  is 
the mineral isa tion of organic  P through b io logical  processes .
Since the turnover of  organic  P is largely  a b io log ica l  p rocess ,  it is 
strongly influenced by various physical  and chemical  p roper t ies  o f  the 
soil as well as the diversity of  organisms present .  High tem pera tu res  
promote  an increased rate o f  mobil isa t ion.  In contrast ,  the inf luence  
o f  aerat ion is more complex and depends on the nature  o f  the organic  
mater ial  (Larsen, 1967). Liming increases the b reakdow n  o f  organic  
matter  in acid soils, and the rate o f  organic  phosphorus  m ine ra l i sa t ion  
changes due to altered rates of  microbiol  act ivi ty  (Haynes, 1982).
Some organisms are completely dependent on organic  P as a source of 
P, that is, they are obligatory mineral isers  (Larsen,  1967). It is 
common for organic P to be present  in soil solut ion, p a r t icu la r ly  in 
soils under forests where inputs of  organic mat ter  are large (Fox et al., 
1990). However,  some organic P compounds are sorbed ju s t  as 
strongly as inorganic P by some soils (M cKercher  and
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Anderson,  1989). Studies o f  soil solutions from a young plantat ion of  
P i n u s  r a d i a t a  in South Austra l ia  i rr igated with secondary treated 
sewage sludge for 48 months could not detect any organic P, inorganic 
P accounting for all the P present. The suggestion was made that 
organic  P either was adsorbed or was rapidly mineralised b iotical ly  or 
ab io t ica l ly  to inorganic P (Falkiner  and Polglase, 1997). 
Charac te r isa t ion  of  P in sewage sludge using 31P NMR spectroscopy 
found an absence of  organic P in water extracts suggest ing that 
organic  P in sludges is not readily soluble in water  (Hinedi et al., 
1989).
A charac ter isa t ion  of  aerobically digested sludges by 31P NMR 
spectra  showed high organic P content in the form of  P -  monoesters  
and P -  diesters  and a lower inorganic P content (Hinedi et al., 1989). 
The anaerobical ly  digested sewage sludges had greater proport ions  of 
the P in inorganic  forms than organic forms. In the same study, there 
were  indicat ions  that partial  hydrolysis  of  organic P to inorganic  P 
may have occurred during extract ion, but the extent of this hydrolysis  
was d iff icult  to assess because  of  the lack o f  information on the nature 
o f  the P pr ior  to its extraction.  Chae and Tabatai (1981) found that
the organic  P o f  sewage ranged between 41 and 67% of  total P with
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0.24 to 8.84% in the form o f  phosphol ip ids  soluble in an organic  
solvent mixture of  methanol and chloroform.
2.8.3 Transformation and P behaviour
2.8.3.1 B a c k g r o u n d
For land application considerations,  it is the soluble  com ponent  o f  P 
which is most important , as most t ransformations  take place  via the 
l iquid phase. The importance of  the insoluble  P rests en ti re ly  on its 
abil i ty  to buffer  solut ion concentrat ions or to becom e soluble  in the 
soil environment,  e.g., insoluble  iron phosphate  may be re leased  to 
solution under reducing (water logged) condit ions (Me Laughlin ,  
1984).
In acid soils,  it is generally accepted that Fe and A1 wil l contro l  P 
retention through prec ipita t ion o f  strengite and var isc i te  respec t ive ly .  
Solubil ity  diagrams are often used to de termine  which solid phase  is 
control l ing the solution P concentrat ion at any given pH. Soon and 
Bates (1982) were the first to use this approach for s ludge applied  P
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and found that,  because the soils under study were calcareous, 
oc taca lc ium  phosphate  appeared to be controlling P concentrations in 
solution. While  this is a very useful approach for ident ifying solid 
phases,  it should be remembered that the prec ipita t ion of  such pure 
s to ich iom etr ic  phases is unlikely in soils (Olsen and Khasawneh, 
1980); instead, prec ip i ta t ion  of  mixed phosphates probably  occurs. 
Sawhney (1973) and van Riemsdijk  et al. (1979) showed that retention 
o f  P applied in sewage eff luent was accompanied by such a mixed 
sol id phase. Faced with these identification problems of  crystalline 
phosphates ,  many researchers  have utilised indirect  methods for 
charac ter is ing  forms of  P in sludge, e.g., the Chang and Jackson 
f rac t iona t ing  scheme to identify  inorganic P associated with Fe, Al 
and Ca phases,  but most  of  the fractionation schemes are not specific 
enough to d ifferent ia te  Al- bound from Fe-bound P (Olsen & 
Khasawneh,  1980).
2.8.3 .2 R ea c t io n s  o f  P in s ludge  with  soils
The react ions which occur when sludge P is added to soils have been 
descr ibed  as a combinat ion of  physical ,  chemical and biological
t ransfo rm at ions  (Kirkham, 1987). Both minera l isa t ion  and
38
immobilisa t ion (microbia l  uptake) processes can take place once 
sludge is applied to soil and the rela t ive  im por tance  o f  each is 
determined by the Organic Carbon / Organic  Phosphorus  (OC/OP) 
ratio of the sludge as well as soil factors. Various  researchers  have 
tried to define a critical OC/OP ratio or cri t ical  P content  o f  substra tes 
added to soils at which the changeover from net im m obi l i sa t ion  to net 
mineral isa tion occurs (Ottabong, 1997). It is genera l ly  considered 
that  critical OC/OP rat ios are <200 for net OP m inera l isa t ion  and >300 
for net IP immobil isa t ion with ratios be tween  the two f igures 
transit ional.  The OC/OP ratios for sewage s ludge are be low 200 and 
should favour net OP mineral isat ion (Ottabong, 1997). Both  soil and 
sludge characterist ics play a major  role in de te rm in ing  the type and 
magnitude of  the reactions taking place, with some workers  arguing 
that  at high loading rates, sludge factors becom e importan t .
Many difficult ies arise in the study of  s ludge P in soils,  main ly  
because sludge is a complex matrix  o f  many subs tances ,  and because  
variabil i ty  in sludge characterist ics means that  in te rpo la t ion  be tween  
different studies is often difficult.  For these reasons and the fact  that 
the chemistry o f  P in soils is still not ful ly  unders tood ,  the topic  o f  
react ions of  s ludge P in soils is still c louded with  uncer ta in t ies .
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Soils  amended with  sewage sludge show signif icant  enrichment  o f  
to ta l  P re la t ive  to the in it ia l  value. Otabbong et al., (1997) reported 
an increase  was observed  in both inorganic  and organic P, with 
ino rgan ic  P dominat ing .  However,  in the same study, but using 
fa rm yard  manure ,  inorganic  P levels m arkedly  decreased as organic P 
leve ls  increased.
Changes  in the nature  o f  soil P probably  depend on the forms of  P in 
the s ludge applied  and on the soil. Chang et al., (1983),  working with 
ca lca reous  soil found that,  prior to sewage sludge application,  50 to 
60% of  the soil P was Ca bound, while after sewage application >60% 
o f  the P was Fe and Al bound. They suggested that the P in the sludge 
was a lready Fe bound and there  was not a major  shif t from Ca bound P 
in the soil after  s ludge was applied.
In fo rm a t io n  concern ing  P release from sludge in re la t ion  to the init ial  
soil  P content  is scarce. Most  studies have focussed on using sludge 
as a fer t i l i se r  in agricu lture .  Depending on the sludge, crop, and soil 
type,  the ava i lab i l i ty  o f  P after fer t i l is ing the soil with sludge can be 
expec ted  to vary  and it has been shown that the eff ic iency  of  P uptake
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by the first crop from sludge conta ining chemical ly  t reated s ludge can 
vary between 2 and 10% (Kelling et al., 1977, McCoy et al., 1986). 
This implies that sewage sludge P is either spar ingly  avai lable  or that  
the sludges immobil ise  native soil P (Rydin and Otabbong, 1997).
Rydin and Otabbong (1997) also reported that P re lease  from the soil 
after sludge applicat ion was more pronounced during the f irst  20 days 
than later on. The proport ion of  P found to be mobile  was 20 - 40% of  
the total P and this could be potent ia l ly  crop avai lable  P; this amount  
was, however, inf luenced by continuous passage  o f  water  th rough  the 
sample which leached out P before im m obi l i sa t ion  could  occur.
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2.8.3.3 P transport in runoff
In areas o f  in tens ive  crop and l ivestock  p roduct ion ,  continual  P 
app l ica t ions  as m inera i  fer t i l i se r  and manure  have been made at levels  
exceed ing  crop up take  (Sharp ley  et al., 1994). This  has resu l ted  in 
accum ula t ions  o f  P in surface  soils to such an extent  that  the loss o f  P 
in surface  r u n o f f  is a m anagem ent  concern because  o f  the 
env ironm en ta l  im p l ica t ions  through eutrophica t ion .
The loss o f  P in r u n -o f f  can occur as soluble  P (soluble  inorganic  
o r thophospha te ,  and soluble  organic P and complexes)  and par t icu la te  
P. These  physica l  forms o f  P inf luence  chemical  charac ter is t ics  and 
b io av a i lab i l i ty  o f  P compounds;  dissolved inorganic  P is at least 90% 
b ioava i lab le ;  d isso lved  organic  compounds are general ly  less that 50% 
b io av a i lab le  (Coa le  et al., 1996). The par t icu la te  P may be
cons idered  in th ree  components :  (i) labile  P which is considered  
b ioav a i lab le ;  (ii) inorganic  P compounds which are stable and
p o ten t ia l ly  b ioava i lab le ;  and (iii) organic  P compounds which may
b e co m e  avai lab le  later.
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The loss of  P in surface runoff  might  be antic ipa ted to be grea ter  than 
that likely to occur via leaching because o f  the sorp t ion  o f  P from 
infi l t rat ing water where movement  occurs slowly th rough  the soil 
profile. Smith et al. (1998) cited work by Sharpley  and Withers 
(1994) who reviewed a number of  studies on losses f rom applied  P 
fert iliser:  P losses via subsurface leaching general ly  am ounted  to
<1% of applied P, whereas losses could be as high as 9 %  in runoff .
2.8.3.4 Leach ing
Phosphorus compounds are t ransported through the soil p ro f i le  by 
water movements,  which were described by M cGechan  and Lewis 
(1998) as either through macropore  flow, which can t ranspor t  both 
soluble P and part iculate  P, and soil matr ix  flow which  can transport  
only dissolved forms.
Harris et al. (1994) studied the s tabil i ty  o f  P in surface Ap ho r izons  of  
soils from dairy intensive areas and found high levels  o f  P could be 
leached from the Ap horizon despite  high pH and abundant  Ca2+ in 
solid and solut ion phases. There  was a lack o f  Ca -  P m ine ra ls  which
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was expla ined  to be due to manure  components ,  e.g., organic  acids, 
Mg, Si, etc.
Concern  tha t  P sa turat ion  o f  sludge treated agricultural  land may 
resu l t  in poss ib le  leaching losses o f  P has resul ted  in leg is la t ion  
con tro l l ing  its app lica t ion  in certain European countr ies (Furrer, 1981; 
de Haan, 1981). There  are indicat ions that some soils high in P are 
suscep t ib le  to leaching  losses of  P resul t ing  from long term fer t i l iser  
and m anure  applica t ions  (Sims et al. ,1998).
Deep m ov em en t  o f  P may indicate  leaching  o f  applied P that  has 
exceeded  both  plant  P requirements  and the P adsorpt ion capaci ty  of  
the soil (Barrow, 1980; Field  et al, 1985). In coarse- tex tured  soils and 
soils h igh in organic  matter ,  the leaching losses '  o f  P are often 
a t t r ibu ted  to the sa turat ion  of  the low contents  o f  react ive  Fe and Al 
ox y h y d ro x id e  surfaces especial ly in the topsoil  (Siddique et al., 2000).
Fu r re r  (1981) ,  showed that even though soluble P increased by a factor 
o f  ten, P in the leaching waters did not show an increase suggest ing 
that  m o v em en t  o f  P through the soil prof i le  is ex tremely  slow. Other
workers  have  also argued that  mobil ised  P in sludge treated topsoi ls  is
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likely to be retained further  down the prof i le  espec ia l ly  in subsoils  o f  
high clay content compared with surface soils (T hangudu  et al., 1981, 
Lindo et al., 1993. Wil l iams and Coker (1981) repo r ted  that  their  
studies on the dis tr ibut ion o f  P in the prof i le  and leachate  
concentrations on field sites in Pennysylvania ,  USA, that  had been 
irr igated with different  levels o f  secondary t rea ted  sewage over an 
eleven year period,  found that the concentra t ion  o f  soluble  P 
decreased substant ia l ly  as the waste water  pe rco la ted  downward.
From an experiment to determine how sludge app l ica t ion  rates on a 
forested site affect leaching,  Medal ie et al. (1994) observed no 
signif icant  changes in soil solution phospha te  for any sludge 
applicat ion rate. They att r ibuted the lack o f  m ob i l i ty  o f  ionic  P 0 4 to 
the acidic forest soils where Fe, Al, and Mn react  read i ly  with P 0 4, 
and also where P 0 4 is actively taken up by plants.
2.8.3.5  A c c u m u la t io n
In an investigat ion on the impact  of  long term land applica t ion  of  
bro i le r  lit ter on soil chemical  propert ies ,  Kingery  et al. (1994) 
observed that the profi le  d is tr ibut ion of  ex trac table  P indica ted  bo th
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a c c u m u la t io n  in the surface  layers  and some dow nw ard  m ovem ent  in 
l i t t e re d  soils com pared  w ith  non l i t te red  soils.  O bserva t ions  repor ted  
by  Fu r re r  (1981)  who carr ied  out lys imeter  and field exper im ents  on 
s ludge  P b e h av io u r  in  Sw itzer land ,  over a four year  period,  found that  
P a cc u m u la t io n  occurred  in the top soil where  total  P increased  by a 
fac to r  o f  two and soluble  P by a factor  o f  ten.
F ro m  P re ten t io n  capaci t ies  s tudies o f  three  soils (sandy loam, sandy 
clay, and sandy clay loam) that  rece ived  d igested Fe-s ludge  and Al- 
s ludge  exposed  to ra inw a te r  pe rco la t ion ,  Rydin  and O tabbong  (1997) 
re p o r te d  that  Fe and Al-P decreased  considerab ly ,  dec l in ing  from 
abou t  one th ird  o f  tota l  P to a few percen t  o f  the in it ia l  to tal  P 
con ten t .  This  decrease  was fo l lowed by substant ia l  P release.  The 
lab i le  ( loose ly  bound)  f rac t ion  leached out while  res idua l  P, which 
in c lu d ed  re f rac to ry  organic  P, as well as the inert P f rac t ion ,  increased  
s ig n i f ic an t ly .  Ca bound  P content  remained at app rox im ate ly  the same 
leve l .  R y d in  and O tabbong  (1997) noted that A l-s ludge  re leased  more 
P than  the  Fe sludge. Reasons suggested  were that: (i) Fe-P 
c o m p o u n d s  are m ore  stable  than Al-P compounds at pH 5; (ii) Al-P 
does  not  form stable  complexes  to the same degree  as Fe-P seems to;
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and (iii) Al is very susceptible  to so lub i l isa t ion  by organic  
compounds, such as oxalic, acetic and tar tar ic  acids.
2.9 Factors affecting P movement and losses in soils
P movement in soils amended with biosol ids  depend p r inc ipa l ly  on 
soil type and its propert ies ,  the type and rate  o f  b iosol ids  input, 
management and soil mois ture levels. Field  research  using simulated 
rainfall has establ ished a relationship be tween P loss in r u n o f f  and 
rate  and method of  application. Various studies have recorded 
increases in P loss in runoff  with increasing rate  o f  app lica t ion  of  
fert iliser,  dairy and pig manure and poul try  l it ter  (Sharpley  et al., 
1994; Vervoort et al., 1998). Since b ioso l ids  have a h igh P content,  
there is a danger o f  P-overfert i l isa t ion.  Studies , cited by Ottabong  et 
al., (1997), reported signif icant P losses th rough  leaching when sludge 
application rates exceeded 250 kg P h a 1 on a dry m at te r  basis.  Small  
amounts of  the leached P were also detected as far down as about 5 m, 
in soils, treated with sludge at 900 kg ha *, two years  after  applica t ion .
Widespread use of  nutr ients  in organic forms may increase  the r i sk  o f  
leaching losses from the soil because organic  coat ings may m od ify  the
47
sorp t ion  p roper t ies  o f  soil m ineral  part ic les  causing increased P 
m o b i l i sa t io n  (O t tabong  et al., 1997).
A no th e r  fac tor  in f luenc ing  P leaching is the method employed for 
app ly ing  the soil am endm ent .  An increase in P leaching  was found 
w hen  crop res idues  were  left  on the soil surface (conserva t ion  t il lage) 
as compared  to when res idues  are incorpora ted  into the soil (Sharpley 
and Smith,  1989).
P leach ing  has been  found to be greatly  in f luenced  by the soil type 
ra th e r  than type o f  manure ,  where higher  P concentra t ions  and losses 
were  found from sandy soils with high concentra t ions  of  soluble P 
(Ulen,  1999). A model  to s imulate  P losses in mineral  soils in 
Y laneen jok i ,  F in land,  found that P losses th rough leaching  were 
m in im a l  except  in h igh ly  fer t i l ized sandy soils (Tat tar i  and Barlund, 
1998). S im ila r  resu l ts  were observed by W il l iams and Coker (1981) 
f rom  field t r ia ls  in Pennysa lvania ,  USA, which showed that  of  the 
to ta l  P applied  in sewage,  44% was removed in the crop, less than 1% 
was leached out and 55% was fixed by the soil. On comparing the 
soils,  the deeper  pen e t ra t io n  o f  P at one site was apparen t ly  rela ted  to
its lower  ox y h y d ro x id e  and lower clay content.
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Hanotiaux et al., (1981) described problems they had in t ry ing  to 
account for all P added to the soil through sludge app l ica t ion  where 
only 37 % of  the amount added was accounted for. It was suggested 
that P leaching occurred at depth or that the method used for sludge 
analysis overestimated the total P content. P defic i ts  rang ing  from 
about 10 to 60 kg h a '1 were also observed by Ottabong et al., (1997), 
who suggested some P migration into the subsoil,  pa r t icu la r ly  in soils 
receiving farmyard manure. Sharpley and Smith (1989) observed  that 
the amount of  P leached from both incorpora ted  and surface  residues 
was greater than the amount o f  residue P added. They suggested  that 
solubilisat ion and mineral isa tion of  soil P may have occurred  in 
addition to res idue P mineralisation.
Evidence shows that soil aggregate size inf luence  P sorp t ion  and 
bioavailabil i ty .  Nutr ient  uptake from larger  aggregates  often is 
greater than that from smaller aggregates  (L inquis t  et al. ,  1997). 
Larger soil aggregates with re la t ive ly  less surface area than small 
aggregates may reduce P fixat ion and resul t  in increased  ava i lab i l i ty  
o f  recently applied P (Wang et al., 2001).
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2.10 Plant Uptake of P from Biosolids
A number of  studies have attempted to assess the effect iveness of  
s ludge as a P fert liser . Johnston (1981) related the level of  plant 
available  P in the soil, measured as extractable P in 0.5 mol L 1 
N a H C 0 3 and found it to be directly related to the amount of  sludge 
applied. Other researchers (Otabbong et al., 1996; Epstein et al., 
1976; Gestring and Jarrel,  1982; Kelling et al., 1977b) have found the 
same rela t ionship  using different extractants for soluble P (0.1 mol L '1 
HC1, 0.01 mol L 1 CaCl2, Bray 1, etc.). Increases in solubility of  P in 
N a H C 0 3 were emphasized within the first weeks of  sludge application 
(Cline  et al., 1985). These results contrasted with those reported by 
Bekunda (1990) as cited by Otabbong (1997). Bekunda applied raw 
sewage sludge to a forest soil and found no significant  difference in 
the resin- and b icarbonate  P fractions in the soil.
Studies on sewage sludge compost by McCoy et al.(1986), observed 
that  a l though extractable  P increased with increasing sewage sludge 
compost  applicat ions , plant uptake did not increase similarly. Since 
this increase in uptake did not occur, it was suggested that either P
removed by the extract ions was not plant avai lable or that there is
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some mechanism by which the composts  res tr ic t  P ava i lab i l i ty  to 
plants. By comparison, extractable  soil P was h ighly  corre la ted  with 
total P uptake from plots amended with tr iple  super phosphate .
In order that an improvement  is made on the soil p roper t ies  and plant  
yields, application rates o f  biosolids need to be de te rm ined  for each 
soil. Biosolids effects on soil and plant  quali ty  in a semiarid
grassland were studied by Fresquez et al., (1990),  who observed  that 
soil and plant tissue levels o f  N, P, K increased l inear ly  with sludge 
application. However,  they reported that for the soils they worked 
with, sludge rates up to 45 metric  ton h a '1 were requ ired  for a 
signif icant improvement  in the soil chemical  and b io log ica l  propert ies .  
Rates at 90 metr ic  ton h a '1 also resulted in s ign i f ican t  increases  in 
many beneficial  soil and vegetat ion p roper t ies  but  did not 
s ignif icantly  increase plant  yields above those y ie lds  where  lower 
rates were used.
It seems that the rates o f  uptake of  b iosol id  P d if fer  be tw een  plants , 
and for any given plant , P is t rans located  from one part  to another  
depending on the stage of  growth. Resul ts  o f  field exper im ents  with
Ca-, A1-, Fe- t reated biosol ids  on soil and p lant  P showed no effect  on
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P c o n cen tra t io n  in corn grain  but  seemed to show an increase  in 
b ro m eg ra ss  with a h igher  resu l t  in Ca-biosol id  than Fe-b ioso l id  at low 
rates  o f  app l ica t ion  (Soon et al.,  1978). Other  studies quoted by Soon 
et a l . (1978) ,  observed  that  b ioso l id  applica t ion  increased  P in corn 
leaves  at tasse l ing ,  but  had no effect  on P in corn grain.
W hile  ex trac tab le  soil P levels  have  always increased  fo l lowing  sludge 
addit ion ,  there  have been confl ic t ing  results  about increases in crop 
up take  o f  P fo l lowing  sludge addit ion.  A common problem  in 
so i l / s ludge  exper im ents  is that  it is very d iff icult  to single out any one 
cons t i tuen t  o f  the sludge as be ing  the most benef ic ia l  nutr ien t  
a f fec t ing  crop yield. De Haan (1981) compensated for effects  o f  other 
e lem ents  by regard ing  sludge as an N+ P + K + Mg + m inor  element 
fe r t i l i se r  and com par ing  it with a fer t i l iser  the same elements  in 
m in e ra l  form. It was found that the P avai labi l i ty  in 15 s ludges from 
G erm any ,  Hol land  and Sweden varied  from 20 -  100% in comparison  
w i th  P from  the inorganic  P fer t i l i se r  (monocalc ium phosphate) .
H igh  leve ls  o f  P in sludge need not necessar i ly  imply  a greater  
po ten t ia l  for  supply.  This  is e spec ia l ly  true o f  the s ludges p roduced
th ro u g h  chem ica l  t rea tm ent  o f  was tew ater  for P removal  - the salts o f
52
Ca, A1 and Fe, commonly used to s tabil ise  P, lower the so lub i l i ty  o f  P 
hence reducing its avai labi l i ty  to plants.  Soon and Bates (1982) 
proposed that sludges treated with calcium salts have a h igher  plant  
avai labili ty of  P than iron or a luminium treated sludges,  but Gestr ing 
and Jarrell (1982) found no s ignificant d ifferences be tw een  sludges 
receiving different chemical  treatments .
2.11 Application Rate of Biosolids as a P Fertiliser
Land application of  biosol ids  is beneficial  for the recyc l ing  o f  plant  
nutrients , but excessive applications may increase  levels  o f  plant  
available P in surface soils (Sharpley, 1996) which may contr ibu te  to 
accelerated eutrophication (Frossard et al., 1996; Rydin and Ottabong,  
1997). In a survey o f  sewage sludge, Sommers et al. (1976) reported  
that the mean total N and P contents were 3.3 and 2 .2%, respec t ive ly .  
Since crop requirements  for P are usual ly  one-ten th  to one -f i f th  those  
o f  N, excessive quanti t ies  o f  P are applied when sewage sludge 
products are used to supply the N requ i rem en ts  o f  the  crop. 
Movement of  P might subsequently  threa ten ground and surface  water
quality.
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M c L a u g h l in  and Cham pion  (1987) evaluated  the effect iveness  o f  
s ludge  as a source  o f  P on oxyhydroxide  P defic ien t  soils in 
c o m p ar iso n  to m onoca lc ium  phosphate  (MCP).  They found that,  at 
h ig h  ap p l ica t ion  ra tes  (10 -  50 tonnes h a '1), P uptake  from MCP 
t rea ted  soil was g rea ter  than  from sludge t rea tm ents  over the first 14 
days o f  roo t  soil contact .  W ith  time (over the f irst 80 days), however,  
P u p take  from sludge - t rea ted  soils tended to increase  while  P uptake 
f rom  MCP -  t rea ted  soils rem ained  stable or decreased  with successive 
harves ts .  W ork  by Pom m el  (1981), repor ted  in McLaughl in  and 
C ham pion  (1987),  on s ludge amended sand found an increase in P 
a v a i lab i l i ty  with  t ime, a lbeit  an increase from 17% after 7 days to 66 
% af te r  300 days.
U s ing  anaerob ica l ly  d iges ted  and dried biosol ids ,  Cline et al. (1985) 
in cu b a ted  b ioso l ids  amended clay and sandy soils for 84 days at 
ap p l ica t io n  rates,  0, 15, 30 g/ kg. Cline and his co-w orkers  observed 
tha t  N a H C 0 3 -P increased  s ignif icant ly  in both  soils th roughout  the 
in cu b a t io n  pe r iod  which  they suggested may be a resu l t  o f  chemical  
reac t ions .  They  also found that  H20 - P  s ign i f ican t ly  increased  with 
t im e  over the incuba t ion  per iod  leading to increases  in ex tractable  P
w i th  t ime. In addit ion ,  it was found that  both  sa l in i ty  and chloride
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levels increased as the rates o f  b iosolids increased  above 80 tonness / 
ha which could be detr imental  to salt sensi t ive  plants.
Studies by Fresque et al. (1990), used applica t ion  rates 0, 22.5, 45, 90 
tonnes/  ha on a fine and silty soil and found that  N, P and K increased  
l inearly with application.  Organic matter  content was found only after 
two years of  growing crops. Fresque et al. (1990),  concluded  that  45 
tonnes/ ha may be required to improve soil chemis try  and b io logical  
properties . Rates up to 90 metric ton / ha im proved  soil p roper t ies  but 
did not increase plant  yield signif icant ly  above those where  lower 
application rates were used.
Anaerobically  digested biosolids applied at 0.083 to 0.5 tonnes /ha  
increased available  P but decreased pH (Gestr ing  et al., 1982). The 
pH decrease, which appeared to cause the increased  plant  Zn and Mn 
content, was lowest in soils amended with Al t rea ted  b iosol ids .  A 
decrease in pH but an increase in total N and total  P was also observed 
by Sui et al. (1999), one year after where  app l ica t ion  ra tes  ranged 
from 6.4 to 11.5 tonnes /ha. Sui and co-w orkers  found that  there  was 
a dominance of  inorganic  P in the P fraction.
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Jo h n s to n  (1975)  repor ted  that  the N and P re ta ined  in soils amended 
w i th  sewage  compost  or vegetab le  compost  had a l inear  re la t ionsh ip  to 
the  N and P app l ica t ion  ra te  as organic  mater ia ls .  Large addit ions o f  
an im al  m anure  to soils typ ica l ly  result  in increased  P avai lab i l i ty  and 
decreased  P adso rp t ion  (S ingh & Jones, 1976; Reddy et al., 1980). 
These  obse rva t ions  lead to some implica tions:  f irst ly ,  that fer t i l i sa t ion  
w i th  m anures  may resu l t  in an improved P p lan t  avai lab i l i ty  status of  
the  soil and secondly ,  the dispersal  o f  m anure  at h igh applica t ion  rates 
may p rov ide  enough organic  mater ia ls  to m obi l i se  P in the soil.
56
2.12 Soil Solution
2.12.1 Concepts of soil solution
The soil solut ion is the aqueous l iquid  phase o f  the  soil and its 
solutes-  it represents  the site where soil chemical  reac t ions  take place 
(Adams, 1974; SSSA, 1997). It is the na tura l  m ed ium  for plant  
growth,  and represents  the chemical  frac t ion  im m edia te ly  ava i lab le  in 
the environment .  The soil solution is in equ i l ib r ium  with  the  solid 
phase  and gas phase o f  the soil components .
Wolt  (1994) argued that  soil solut ion chem is try  p rov ides  useful  
approaches to charac ter is ing soil chemical  processes  w hich  are 
important  to agriculture  and the environm ent  as long as cer tain  
assumptions are met.
1. I f  soil so lution represents  the natural  m edium  for p lan t  growth  
then analysis  o f  the soil so lution could be used as a tool in p red ic t in g  
the response of  plants  to chemicals  in the soil.
57
2. I f  soil so lu t io n  can be re la ted  to m oving  water  in the soil 
e n v iro n m en t  then  soil solu t ion  compos i t ion  can be used to p red ic t  the 
form s and amounts  o f  chemicals  that  may be t ransported  th rough 
g round  and surface  water .
3. I f  soil so lu t ion  is in a steady state re la t ive  to the solid phase, 
the  soil so lu t ion  com pos i t ion  can be used to predic t  solid phase  
com ponen ts  c o n tro l l in g  chemical  d is t r ibu t ion  in soil.
4. I f  soil so lu t ion  compos i t ion  controls  b ioava i lab i l i ty  to soil 
m ic robes ,  soil so lu t ion  m on i to r ing  with t ime provides  in fo rm at ion  as 
to the concurren t  p rocesses  o f  sorpt ion and m etabo l ism  in the soil 
env ironm ent .
The  va l id i ty  o f  the above assumptions depends on the way the soil 
so lu t ion  is be ing  concep tua l ised  and how the concepts are t rans la ted  
in to  an in v es t ig a t io n  and resul ts  expressed in a m ean ingfu l  way.
The b io av a i la b i l i ty  o f  any element  and the l ike ly  toxic  effects  o f  some 
m eta l  ions in the  soil depend on the concen tra t ion  in the soil solu t ion
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and on the ability o f  the soil to re lease  the trace  metal  ions from the 
solid phase to replenish the labile  pool.
2.12.2 Ion composition of soil solution
Almost all o f  the naturally  occurring elements are p resen t  in the  solid 
phase of  soils. Much has been reported on the occurrence  o f  elements 
in pr imary minerals,  but lit tle  is known about the speciat ion, 
concentra tion  and solubil i ty  rela t ions to acid - base  cond i t ions  for 
most  o f  them. Knowledge of  soil solut ion concen tra t ions  and 
solubil i ty  of  elements, and factors affect ing them is o f  great 
importance  in studying their  b iological  and geochem ica l  cycles  and 
avai labi l i ty  to plants. Table  2.1 summarises the m ajo r  ions o f  in teres t  
in soil chemistry, grouped according to major  beh av io u ra l  modes and 
shown with their most common states o f  occurrence  in soil solut ions
(Wolt ,  1994).
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Table 2.1 Cations and anions in soil solutions
M ajo r E x c h a n g ea b le  C atio n s C a2+, M g2+, N a+, K +, N H 4+, A l3+ (H +)
M ajo r A n io n s Nov, so42-, c i\ h c o 3\  c o 32-
W eak ly  S o lu b le  A nions H 2P 0 4', J IP O ,2', H 2A s0 4'A s0 2) H 2B 0 3\  
S i(O H )4, M o0 42'
T ra n s itio n  M eta ls  and 
A lu m in iu m
A l3+, A 10H 2+, F e(O H )2+, M n2+, C u2+, 
Z n2+
T o x ic  io n s C d2+, A l3+, P b 2+, H g2+, Hg, B e2+, A s 0 43', 
C r 0 42'
A c tiv e  in  O x id a tio n -R e d u c tio n  
R ea c tio n s
C + 3H 20 --------m C 0 3- + 5H + + 4e '
0 2‘ ---------- * 0 2 + e'
N H 2 + 3H 20  --------»NOj- + 8H+ + 7e- '
SH + 4H 20  --------►S042’ + 9H + + 7e '
Fe (F e2+ to FeO O H )
Mn (M n2+ to M n 0 2 
Se (o rg an ic  to S e 0 42')
H 2 to re a n ic  to H sO  or H 22+i
2.12.3 Effect of the electrical double layer
The m ost  p h y s ico -ch em ica l ly  unique  feature  o f  soils reac t ions  is the 
m a n i f e s ta t io n  o f  net negat ive  charge at soil surfaces (Wolt ,  1994). In 
o rd e r  to m a in ta in  e lectr ica l  neu tra l i ty ,  counter  charges accumulate  
a round  the  soil surface  inducing  a d i f fe ren t ia l  d is t r ibu t ion  o f  anions 
and ca t ions  in the su r round ing  soil solution.  Counter  charges  which 
are he ld  by  forces  o ther  than Coulombic  forces at a p lane  para l le l  to
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the charged soil surface and the osmotic potent ia l  o f  the surrounding  
soil solution, describes the diffuse d is tr ibut ion  o f  cat ions and anions 
(Greenland and Hayes, 1978).
Figure 2.5 Ion distribution at a negatively charged clay surface.
D iffu se  L a y e r  B u lk  L iq u id
The distr ibut ion of  ions is described by the combined Guoy-Chapman 
and Stern models where the double layer is d ivided into two parts- a 
compact (Stern) layer adjacent to the surface and the Gouy-Chapm an 
layer which is an electric or diffuse double layer  (DDL) o f  counter 
ions. The important  practical  s ignificance o f  the d iffuse  layer  in the 
study of soil solution is the effect ive th ickness o f  the diffuse  layer 
(de;c, nm). This is i l lustrated in the equation
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d ex = 2 x 10 9
z V BC0
where:
z = cat ion  or anion valence
B = DDL constan t  (1 .084 x 1016 m m o l '1 at 298.15°K)
C0 = e lec t ro ly te  concen tra t ion  o f  the bulk  so lu t ion  (m mol'3)
The  va lence  o f  the dom inant  solut ion phase e lec tro ly te  and the ionic 
s t reng th  o f  the bulk  solu t ion  have a marked in f luence  on d ex. The 
e ffec t  o f  the DDL is more  s trongly  emphasized in dilu te  solutions. 
T h ese  are i l lus t ra ted  in the Table  2.2.
Table 2.2 Calculated diffuse layer thickness for different concentrations of 
1:1 and 2:1 electrolytes
(W olt ,  1994)
Electrolyte concentration 
C 0 (m mol cm '3)
Effective Diffuse Layer Thickness 
dex (nm)





0.001 . 19.4 10.1
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2.12.4 F a c to r s  co n t ro l l in g  ions in so lu t io n  :
Soil solution composit ion varies with soil type and changes in the soil 
environment.  For  most soils, the dominant  exchangeable  cat ion is 
Ca2+; therefore it occurs as the dominant  cat ion as well in soil 
solution. Table 2.3 summarises total ion composi t ion  from a cross 
section of  soils.
Table 2.3 Total ion composition of displaced soil solution for selected soils
(mmol L^XW olt ,  1999)
Taxonomic pH Ca Mg K Na NH4 Al HC03 S 0 4 Cl N03 D0(
Classifi
-cation
. t  ;. u s a . l y f  ? . ; 8 : 1 8 ! - ; ' _ J |
prliiglli 
- r’ U " •; Il SI
T y p i c
P a l e u d u l t s
6 .0 1.55 0 . 3 8 0 .21 0 . 2 8 0 . 1 4 0 0 . 1 3 0 . 1 3 3 . 90  1
H u m i c
H a p l u d u l t s
4 . 4 0 .21 0 . 0 5 0 .0 8 0 . 2 4 0 . 0 3 0 . 0 7 0 . 1 2 0.51
U K  : .
I l l l l l
|H jfj
i
B r o w n  E a r t h 5 .3 1 .15 0 . 1 4 0 . 6 2 0 . 3 8 0 . 0 1 3 0 . 4 7 0 . 5 6 1.78 4
B r o w n  E a r t h 7 .9 1 .35 0 . 0 2 0 .41 0 . 2 6 0 . 0 0 3 0 . 2 5 0 . 5  1 0 .4 7  3
I r e l a n d
i§ >-1 §S f  1;';
|
D y s t r i c 4 . 7 3 . 6 9 1 .06 0 .5 5 1.0 8 0 . 0 0 6 ..0 . 9 4 10 .56
E u t r o c h r e p t
T y p i c 5 .8 1.28 0 .21 0 . 0 3 0 . 6 3 0 . 0 0 2 0 . 0 4 0 . 8 5 2 .5 4
H a p l u d u l f s
A u s t r a l i a , <|  S S I
M W ¡ ¡ ¡ ¡ p :• p WÈ ■  ;
-[A
\ " - ' >' ■
iliilîÉiÉi|®SiiSS& & W >: w : V'ï'
\  |
R e d  E a r t h 7 .4 0 . 2 2 0 .21 0 . 4 5 0 . 2 9 0 . 1 7 0 . 4 6 0 .2  3 0 . 4 5 ... 0 . 0 4
Y e l l o w  E a r t h 4 .2 0 .01 0 . 0 6 0 . 1 0 0 . 2 7 0 . 6 7 0 . 1 0 0 . 1 0 0 . 2 0 0 .05
iVZ y . ... ; 'C ¡¡¡1nm  :% .h mtMi -, n ’ s, îMill Mémï ■ s  !
Y e l l o w  B r o w n  
l o a m
6 .3 0 . 0 8 0 . 3 7 1 .03 1 . 7 2 0 . 3 9 0 . 0 1 9 0 . 1 2 0 . 4 4 0 . 3 1 2 .7 9
Y e l l o w  B r o w n  
e a r t h
6.1 0 . 3 4 0 . 1 8 0 . 2 4 0 . 9 8 0 . 0 9 0 . 0 9 6 0 . 1 1 0 . 4 5 0 . 3 0 0.21
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N i t ra te  is typ ica l ly  the dom inant  anion ba lanc ing  ion charge in soil 
so lu t ion  (Wolt ,  1994). Other  ions which are norm al ly  in appreciable  
am ounts  inc lude  Mg, K with b icarbonate ,  carbonate ,  chloride, 
su lpha te ,  phospha te  and si l ic ic  acid. In h ighly  acidic soils,  
co n cen tra t io n s  o f  Al, Fe and Mn are usua l ly  appreciable ,  while others 
l ike  Cu, Mo and H 3B 0 3 are low (Greenland and Hayes,  1981).
N a tu ra l  soil so lu t ions  are dilute, with the ions in dynamic  equil ibrium 
w ith  the lab i le  counter  ions associated with the soil colloids 
(G reen lan d  and Hayes, 1981). Most o f  the  reac t ions  that  affect the 
b io av a i la b i l i ty  o f  e lements  (both macro and micro)  or their  
t r an s fo rm a t io n s  in the  so i l-water  system occur  via  the solut ion phase 
w hich  is d i rec t ly  in f luenced  by the m any soil processes  inc lud ing  
so rp t ion  and desorp t ion ,  dissolut ion,  com plexa t ion ,  migra t ion ,  
p rec ip i ta t io n ,  occu ls ion ,  d i f fus ion  into minera ls ,  b ind ing  by organic  
subs tances ,  abso rp t io n  by microb io ta ,  and vo la t i l i sa t ion .
All these  p rocesses  are governed by several  soil charac ter is t ics  
p a r t i c u la r ly  pH, ca t ion  exchange capaci ty  (CEC),  the nature  and 
con ten t  o f  clay and d i f fe ren t  oxyhydrox ides  o f  Fe, Al, Mn, C a C 0 3
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(Mandal et al., 2000) and aff ini ty  for organic compounds (Kingery  et 
al., 2001; Tyler and Olsson, 2001).
Other parameters that have a control l ing influence over the behaviour  
o f  elements, part icularly  in soil solut ion, include ionic  strength, 
equil ibrium redox potential  (Eh), and suspended colloidal  mater ials .  
The effects o f  these variables are strongly inf luenced by temperature ,  
pressure, and moisture  (Wolt,  1994).
2.12.5 Effect of the soil mineral surface on soil solution
The nature o f  the soil mineral  surface and soil solut ion composit ion 
will  determine whether  a metal ion will be sorbed or desorbed. The 
equil ibrium reactions occurring between the solid and the soil solut ion 
occurs at the solid -  solution interface.  The extent  and the nature  of 
the in terac t ion depends on the surface chemical  p roper t ies  which  are 
strongly controlled by the potential  in the plane o f  adsorp t ion  and the 
surface charge density.
Charges on the soil surface can either be perm anent  or variable .  
Reactions on soil surface with permanent  charges depend on the zeta
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p o ten t ia l  w hich  varies  with so lut ion condi t ion  which is dependent  on 
the  d i f f e ren t ia l  f i l l ing  o f  the Stern layer.  By contrast ,  soils with 
v a r iab le  charge  have  a constant  po ten t ia l  and surface charge varies  
w i th  so lu t ion  cond i t ion  to m ain ta in  constant  potent ial .
2.12.6 Effect of soil pH on soil solution
Soil pH is cons idered  to be one o f  the dom ina t ing  factors con tro l l ing  
soil  so lu t ion  com pos i t ion  and element  b ioava i lab i l i ty  in soils.  T y le r  
and Olsson (2001)  found there  were d is t inc t  pa t terns  o f  soil so lu t ion  
co n cen tra t io n s  as a funct ion  of  soil so lut ion pH in the 60 e lements  
s tudied .  C oncen t ra t ions  of  most  e lements  present  as anions increased  
w i th  inc reas in g  pH and were part ly  expla ined  by decreasing  anion 
exchange  capaci ty .  In contrast ,  concentra t ions  of  most  ca t ion ic  
e lem ents  decreased  with  r is ing  pH as a result  o f  adding C a C 0 3. The 
so lu b i l i ty  o f  soil o rganic  matter  pos i t ive ly  corre la ted  with soil 
so lu t ion  pH, hence  cat ionic  e lements known or thought  to form stable  
so lub le  co m plexes  with  organic  mat ter  were  reversed  at pH>7.
All  so rp t io n /d e so rp t io n  and p rec ip i ta t io n /d is so lu t io n  m echan ism s  
lead in g  to the d is t r ibu t ion  o f  ions be tw een  so lu t ion  and solid phase
66
are sensi tive to the chemical  form of  an element.  Ris ing  pH promotes 
dissolut ion of  soil organics and formation o f  soluble  meta l-organ ic  
complexes. Studies reported by McBride (1989) suggested  that Fe3+ 
and Cu2+ are almost completely in organical ly  com plexed  forms in soil 
solution.  Organic molecules involved in forming soluble  complexes 
include oxalic, citric, malic, tar tar ic,  and many other  organic  acids, 
a liphatic  and aromatic , that are common to soil solutions.  The 
rela t ive  importance o f  these different  organic  acids depends on the 
complexing metal and the pH.
2.12.7 Effect of ionic strength on soil solution composition.
Studies have indicated that varia tion in ionic  s t rength  o f  soil solution 
affects soil d ifferent ly  depending on whether  the surface  charge is 
p redominant ly  permanent  or variable.  An increase in ionic  strength 
decreased Cd2 sorption in all soils but  the effect  was more 
pronounced in variable  charge soils. McBride  (1989) argued that  at 
low ionic strength, h igher charged cat ions tended to be re ta ined  more 
by clays. However,  this effect  is valid only at constant  clay 
concentra tion. Studies by DeToro et al., (1986, in M cBride  (1989),
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found desorpt ion  of  Co2+ and N i2+ from montmori l loni te  was observed 
when clay concentra tions were increased, an indicat ion that the 
adsorp t ion  aff ini ty  o f  the metals was reduced by increasing the solids 
concentra t ion .
2.12.8 Effect of redox reactions
Solubi l i ty  o f  metals is affected by redox processes which may be 
b io log ica l ly  induced or init iated by electron transfer  processes. 
Heavy metals  are general ly  less soluble in their h igher oxidation 
states. The abili ty o f  Mn oxyhydroxides and, to a lesser extent, Fe 
oxyhydroxides  to directly  oxidise metals or to catalyse metal 
oxidat ion  by 0 2, provides a mechanism for lowering trace metal 
so lub i l i ty  (McBride,  1989).
Organic  molecules  which can complex with metals can increase the 
concentra t ion  o f  these metals in soil solution by dissolution react ions 
at m ineral  surfaces. Dissolut ion is assisted by redox react ions in 
which  the organic reduces the metal ion at surface (McBride, 1989), 
e.g.,
(low pH)
Fe(II I )  -  organic  complex ------- ► Fe(II) + oxidised organic
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2.12.9 Effect of competing ions
Experimental  observat ions have shown that  the p resence  o f  other 
competing ions (index cations) in soil solut ion can affect  the 
composit ion of  soil solution by direct competi t ion for adsorp t ion  sites 
promoting its specific  adsorption,  and through its effect  on the double 
layer (Harter  and Naidu, 2001). This is related to the valency where a 
h igher valence cation makes the potential  in the plane  o f  adsorption 
less negative at pH greater than the PZNC, hence a reduct ion  in cation 
adsorpt ion.  Studies have shown that adsorpt ion  of  Cd was 
approximately  doubled when Na rather than Ca was used as the index 
cat ion (Naidu et al., 1994). The reverse  is true for trace metal  anions 
like chromates and arsenates (Harter  and Naidu, 2001).
Weakly  bonded ions are more susceptible  to leaching  because  they are 
easi ly desorbed by competing ions, hence are more b ioava i lab le  
(Harter  and Naidu, 2001). Cd displays this tendency  when it in teracts  
with Zn such that the Cd/Zn activity ratio in soil solu t ion  is a strong
predic tor  of  plant uptake o f  Cd.
69
2.13 T race  metals  (TM) in soils
2.13.1 Background
T ra c e  m e ta ls  are  o f  im p o r tan c e  from the p e rsp ec t iv e  o f  p lant  and 
an im a l  n u t r i t io n ,  bu t  only  in small amounts  and are subsequen t ly  
ca l led  m ic ro n u t r i e n ts .  W o l t  (1994) a rgued  tha t  s tudies on the 
e n v i ro n m e n ta l  c h em is t ry  o f  t race  metals  is c o m p l ica ted  by a num ber  
o f  fac to rs  :
(vi)  T h e i r  low na tu ra l  abundance  and l im i ted  so lub i l i t ie s ;
(v i i )  The  h igh  degree  o f  com plexa t ion ,  che la t ion  and ion pa ir ing;
(v i i i )  T h e  sens i t iv i ty  o f  t race  metals  to redox  t r an s fo rm a t io n  resu l t ing  
in spéc ia t ion ;  and,
(ix) T h e i r  c o m p e t i t iv e  in te rac t ions  with  o ther  t race  metals .
2.13.2 Trace metals in soils
U n d e r  na tu ra l  c o n d i t io n s ,  the  t race  metal  con ten t  o f  soils depends on 
the  n a tu re  and c o n ce n t ra t io n s  in the paren t  m ate r ia ls .  T h ere  is a wide 
v a r i a t i o n  in c o n c e n t ra t io n s  o f  t race  m eta ls  o ccu r r in g  na tu ra l ly  in soils.
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Table 2.4: Range of background concentrations (mg/kg) of trace metals in 
Australian rural surface soils (Barzi et al., (1996)
R a n g e  o f  v a lu es  (m g /k g )
As < 1 - 8
Cd <  1
Cr 5 - 1 1 0
Cu 1 - 1 9 0
Mn 4  - 13000
Ni 2 - 4 0 0
Pb 2 - 1 6 0
Zn <2  - 200
Trace metal concentrations in surface soils are l ikely to increase on a 
global scale with growing industria l and agricultural  act ivi t ies. There 
are indications that the composit ion of  surface soil may be influenced 
by both local contamination and from transport  o f  metals , e.g.,  aerial 
sources, application of  inorganic fer t i l isers , pes t ic ides ,  land 
application of  waste materials  like biosolids .
Metals added to soils are subject to the same type o f  reac t ions  as are 
the metals in the indigenous pool. Their  behav iour  and b ioava i lab i l i ty  
in soils are governed by their spéciation,  which  is re la ted  to their 
chemical forms at the time of  impact ion,  as well  as by several  soil 
properties . Air  part icles t ransport ing trace metals  are most  com m on in 
mineral  forms o f  oxides, silicates, carbonates ,  sulphates  and sulphides
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( K a b a ta - P e n d ia s  and P en d ia s ,  1991). T ra c e  m e ta ls  species  added w ith  
b io s o l id s  d i f f e r  d e p e n d in g  on the source  and the  t r ea tm e n t  o f  wastes .
2.13.3 Effects of TM on soil fertility
H is to r i c a l l y ,  the  q u a l i ty  o f  soi ls  have  been  assessed  on the ir  chem ica l  
and p h y s ic a l  p ro p e r t i e s .  H o w ev e r ,  the  soil m ic ro b io l  c o m m u n i ty  p lays  
a c r i t ic a l  ro le  in to ta l  eco sy s tem  func t ion ,  for  exam ple ,  in the  cyc l ing  
o f  n u t r ie n t s  (K e l ly  and Tate ,  1998).  H eav y  m eta l  co n ta m in a t io n  can 
h a v e  a n e g a t iv e  im p a c t  on soil m ic ro b io lo g ic a l  com m uni t ies .  F ie ld  
s tu d ie s  o f  m e ta l  c o n ta m in a te d  soils have  d e m o n s t ra te d  tha t  e leva ted  
m e ta l  c o n c e n t r a t io n  s can resu l t  in the  fo l low ing :
• d e c re a se d  m ic ro b io l  mass;
• r e d u c e d  v iab le  b a c te r ia l  p o p u la t io n  dens i t ies ;
• i n h ib i t io n  o f  o rg a n ic  m a t te r  m in e ra l i s a t io n ;
• d e c re a se d  l e a f  l i t t e r  d eco m p o s i t io n ;
• s y m b io t i c  N 2 f ix a t io n ;
• m y c o r r h i z a l  in f e c t i o n  o f  c love r  (K e l ly  and Tate ,  1998);  and
•  I m p o r ta n c e  o f  t r ace  m e ta ls  to p lan t  g row th .
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Trace metals  in small amounts are essent ia l  for p lants  and an im als  and 
are often toxic i f  present  in h igher  concen tra t ions .  N on  essent ia l  
metal l ic  elements such as Pb, Cd and Hg can have tox ic  e ffec ts  on 
plants and therefore  animals and hum an heal th .  Table  2.5 shows the 
importance  of  some o f  the essent ia l  e lements.
Table 2.5 Some essential trace metals and their functions
(McLaren  and Cameron, 1990)
Trace metal Functions
Boron For development and growth of new cells; translocation of sugars and other 
biochemicals, protein synthesis, nodule formation in legumes and regulation of 
carbohydrate metabolism.
Cobalt For fixation of nitrogen by rhizobium bacteria.
Copper Component of several oxidase enzymes. Also important for photosynthesis and 
carbohydrate and protein metabolism.
Iron Involved in the synthesis of chlorophyll. A component of several enzymes, 
including peroxidase, catalase and cytochrome oxidase.
Manganese Essential for electron transport in photosystem ILImportant in maintenance of 
chloroplast membrane structure. Needed for maximal activity in many enzyme 
reactions e.g. synthesid of tRNA-primed oligoadenylate and phosphatidylinositol.
Molybdenum A component of the enzymes nitrogenase and nitrate reductase which facilitate 
transformations in the N cycle.
Zinc Promotes growth hormones and starch formation and is involved in seed maturation 
and production.
2.13.4 Trace metals in biosolids
Biosolids  contain a range o f  heavy  m eta ls ,  some o f  w h ich  can be
present  in high concentra t ions .  The m ost  com m on  m eta ls  found  are
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Cd, Cr, Cu,  Ni ,  Pb and Zn (T ab le  2.6). O the r  m e ta ls ,  l ike  As and Hg, 
m ay  be p r e s e n t  in a p p re c ia b le  amounts .
As m e n t io n e d  p re v io u s ly ,  soil  a p p l ica t io n  o f  waste  m a te r ia l s  l ike  
b io s o l id s  can be  a so u rce  o f  t race  m e ta l s  to the en v iro n m en t .  T race  
m e ta l  c o n c e n t r a t i o n  in b io so l id s  is d ep en d e n t  on the o r ig in s  o f  the  
w as te .  T h e r e  is no l i t e ra tu re  ava i lab le  on leve ls  o f  t race  m eta ls  in Fij i  
b io s o l id s ,  b u t  T ab le s  2.6 and 2.7 p resen t  exam ples  o f  t race  m eta l  
c o n te n t  in  in d u s t r i a l ,  m u n ic ip a l  and an im al  wastes .
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Table 2.6 Mean metal concentrations in some biosolids from Australia and 
New Zealand
(mg k g '1) (McLaren and Smith, 1996)






C h ris tc h u rch
(NZ)
As 3.6 5.5 21 11.9
Cd 2.8 3.9 9.2 6.2
Cr 925 81 1209 1618
Cu 888 1427 571 572
Pb 190 140 579 443
Hg 1.7 5.1 1.8 5.2
Ni 61 25 179 117
Se 0.5 10.6 - -
Zn 834 839 1826 1648
Table 2.7 Trace element concentrations in three organic wastes
(mg kg^XWolt, 1994)
M etal M unicipal BS In d u s tr ia l  BS A nim al M an u re
B 64.8 108 21.8
Cd 11.2 3.4
Co 11.78 1060 1.2
Cr 260 6344
Cu 508 127 19
Pb 207 20.7





Zn 1177 2158 65.4
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The p r inc ip le  metal  forms in b iosol ids  are soluble, precipita ted,  
cop rec ip i ta ted  in metal  oxyhydroxides ,  and those associated with 
b io log ica l  residues.  The dis t r ibut ion  o f  metals  between the specif ic  
forms varies  widely  depending on the chemical  propert ies  of  the 
ind iv idua l  metal  and the charac ter is t ics  o f  the biosolids (Lake et al., 
1984). The form o f  the metal  present and the change in b iosol ids  over 
t ime controls  re lease  of  metals  from the biosol ids  matr ix  over time 
(S tacey  et al., 2001).
Methods o f  p rocess ing  sludge substant ia l ly  modify  the behaviour  of  
metals .  The high pH (pH 12) o f  a lkaline-stabi l ised sludge creates 
cond i t ions  conducive to the mobil isa t ion of  Cu, Ni and Mo while the 
so lub i l i t ie s  o f  Pb, Cd, Ag and Zn are init ia l ly  very low (McBride,  
1998). Compost ing  slightly increased Cd mobil i ty  but reduced that of  
Ni and P. Pe l le t iza t ion  increased the mobil i ty  of  Cd, Cu and Ni and 
Zn. Inc ine ra t ion  increased the mobil i t ies  of  Cd and Mo, but reduced 
Ni, P, and Zn m obil i ty  (Richards et al., 1997).
Land applica t ion  o f  b iosol ids  can increase crop uptake of  heavy metals 
in acid soils (Corey et al., 1987) and there is concern about the
accum ula t ion  and the plant  avai labi l i ty  of  metals  in agricu ltural  soils
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from long term use of  biosolids (Luo and Chris t ie ,  1998). Hence 
agricultural  use of  biosolids is controlled to p ro tec t  soils and crops 
from excessive application of heavy metals  (Com m ision  of  the 
European Communities,  1986, Environmental  Guidelines ,  EPA, NSW., 
1991, USEPA, 1992).
The availabili ty  o f  heavy metals to plants is known to be inversely 
related to pH (Narwal et al., 1983). In order  to reduce  so lubil i ty  of  
heavy metals , USEPA regulations do not perm it  land applica t ion  of 
biosolids to agricultural  land with pH<6.5 (Basta  and Sloan, 1999).
Heavy metals can remain in topsoils  for long periods  o f  time. 
McBride et al. (1997), observed that the Zn and Cd rem ain ing  in the 
topsoil (pH 6.5 - 7.5) 15 years after b ioso l ids  applica t ion  was plant 
available. The presence of  these metals  was indica ted  by excess 
uptake and severe phyto toxic i ty  symptoms in vege tab le  crops.
Losses of  metals from surface soils fo l low ing  b ioso l ids  applica t ion 
have been att r ibuted to heavy applica t ion ra tes  (McBride,  1998) and 
leaching of  heavy metals  from biosol ids  am ended  soils is general ly  
low (McBride,  1995). Inves t iga tions  have  show n that  rap id  leaching
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is p r o b a b ly  g rea te s t  im m e d ia te ly  af ter  app l ica t io n  (Lam y et al. ,  1993). 
T o ta l  c o n c e n t r a t io n s  o f  m eta ls  in s ludge do not  re f lec t  the ir  
b io a v a i l a b i l i t y ,  m o b i l i ty  and rea c t iv i ty  in soils am ended  by b ioso l id s  
(M c B r id e ,  1995).
L ev e ls  o f  w a te r  so lub le  m eta ls  of ten  exceed 10% o f  total  va lue  (Lake 
et al.,  1984,  C a m p a n e l la  et al., 1987). The  p rocess in g  m ethod  can 
m o d i f y  the  leach in g  p ro p e r ty  o f  a meta l ,  e .g.,  the  N-V iro  process  
r a i s e s  the  pH o f  s ludge  to 12 hence  the m o b i l i ty  o f  some metals  like 
Cu, Ni and Mo is inc reased .  C onverse ly  the so lub i l i ty  o f  Pb, Cd, Ag, 
Zn  is low at pH 12 (R ich a rd s  et al., 1997).
T h e  m o b i l i ty  o f  heavy  m eta ls  in soils and the subsu rface  env ironm en t  
can  be in f lu e n ce d  by the m o b i l i ty  o f  d isso lved  organ ic  com pounds .  
O rg a n ic  co m p lex e s  h ave  been  recogn ised  to have  an im pact  on 
m ig r a t i o n  o f  m eta ls  l ike  Cu, Zn, Pb in soil (M cB r id e  et al.,  1997). 
M c B r id e  and B las iak  (1979)  rep o r ted  that  the h igh  leach a b i l i ty  o f  Cu 
and Ni m ay  be due  to the inc reased  d i sso lved  c o n cen tra t io n s  o f  
o rg a n ic  m a t te r  that  has  been  shown to b r ing  s t ro n g ly  com plex ing
m e ta l s  in to  so lu t ion .
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Organic materials  derived from soil or b iosol ids  conta in  a large 
number of  organic compounds with charac ter is t ics  which inf luence  
their metal b inding ability. These charac ter is t ics  include  the types of 
functional  group, the arrangement o f  these groups with respec t  to one 
another and the size of  the molecule . Han and Thom pson  (1999) 
reported that some researchers had developed a f rac t iona t ion  scheme 
to separate dissolved organic compounds into hydroph i l ic  and 
hydrophobic  components. Hydrophylic  compounds in na tura l  organic 
compounds include simple organic acids, po lyhydroxy  phenols, 
carbohydrates,  amino sugars, amino acids. Com pounds that  would be 
found in hydrophobic  fract ions include phenols , hydrocarbons ,  fats, 
nucleic acids and quinone. The same report  indica ted  that  the Cr and 
Cu binding abili ties of  hydrophil ic  acids collected from water 
percolated through Spodosols exceeded those  o f  hydrophob ic  acids by 
2 to 8 times.
2.13.5 Cu and Zn in soils
Natural  levels of  Cu and Zn in soils are in f luenced  by parent  
mater ials .  A survey of  86 sites used for pastora l  agr icu l ture  
throughout  New Zealand sampled to a depth  o f  75 mm showed native
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leve ls  o f  Cu and Zn, in the range 7.2 -  26.9 mg k g '1, with  a mean o f  
17 mg k g '1 and 6.5 -  92 mg k g '1 with  a mean of  65 mg k g '1 
re sp ec t iv e ly  (Roberts  et al., 1996).
In Fij i ,  pockets  o f  soil with high concentra t ions  o f  Cu and Zn have 
been  found in several  locations.  This is the resul t  o f  the local se ismic  
and vo lcan ic  ac t iv i ty .  Cu concentra tions  are over 3000 mg k g '1 and 
Zn concen tra t ion  exceeds 320 mg kg*1 against  background values o f  
less than 340 mg k g '1 and 90 -  150 mg kg"1 respec t ive ly  (Morr ison  et 
al.,  1996).
Base l ine  concen tra t ions  in 448 surface soil samples o f  Florida,  USA, 
had Cu levels  at 0 .22- 21.9 mg k g '1 and Zn 0.89 -  29.6 mg k g '^ C h e n  
et al., 1999).
2.13.6 Cu and Zn in biosolids
H eavy  m eta ls  are p resen t  in all b iosol ids  and the contents  will depend 
on the na tu re  o f  the industry  and on the p ropor t ions  o f  industr ia l  and 
dom es t ic  wastes .  The contents  o f  ind iv idua l  metals  are h ighly  
va r iab le  but  the  ranges  are similar  to those repor ted  for b ioso l ids  in
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Sweden and the USA (Greenland and Hayes,  1981). Z in c  is almost  
always present  in the highest  amounts and Cu is o f ten  second.  In 
b iosol ids  from domestic  sources, only Zn and Cu are p resen t  in high 
amounts but are usual ly  well be low the content  found  in industr ia l  
biosolids .
Cu and Zn concentra tions  repea ted ly  extracted  from dried  digested 
sludge with dist il led water  were no grea ter  than 0.3 and 1.7 % o f  the 
total metal  content  respec t ive ly  (Lake et al., 1984). Labora to ry  
inves t iga t ions  o f  water  extracts  from two a lka l i - s tab i l i sed  biosol ids  
revealed that 40 -  50% o f  the total Cu d isso lved  out o f  the  biosol ids  
into the water whereas a smaller  f rac t ion  o f  Zn was im m e d ia te ly  water  
soluble. The high so lub i l i ty  o f  Cu has been  a t t r ibu ted  to the ab i l i ty  of 
Cu to complex with amines or amino acids in the  a lka l ine  water 
extracts. The high a ff in i ty  o f  Cu for N - l igands  in amines  or amino 
acids means that  Cu is m obi l i sed  more than Zn (M cB ride ,  1998). 
While  Cu associates with soluble  organ ic  com pounds ,  s tud ies  have 
shown that  Zn complexes are p resen t  in inorgan ic  fo rm s (Luo and
Christie , 1998).
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Studies  on m ob i l i ty  and so lub i l i ty  o f  metals  in soil 15 years after  
b io so l id s  app l ica t ion  found that  about  40% o f  the Cu and Zn were lost 
f rom  the topso i l  and the concentra t ions  o f  water  soluble Cu, Zn and Ni 
w ere  10 t im es  h igher  than in the control  soil (McBride et al., 1997). 
Long  term am endm ent  o f  agricu l tural  soils in Nigeria  with b iosol ids  
f rom  a res iden t ia l  area resul ted  in enr ichment  o f  Zn and Cu in the 
soi ls  at depths be low the zone o f  b ioso l ids  incorpora t ion  i.e from 25 -  
150 cm, sugges t ing  that  Zn and Cu are re la t ive ly  mobile  and therefore  
b io av a i la b le  (M bila  et. al., 2001). .
2.13.7 Reactions of Cu and Zn in soils
N u m e ro u s  theor ies  have been proposed  to account for the strong 
a d so rp t io n  and low solubi l i ty  o f  Cu and Zn in soils,  pa r t icu la r ly  at 
h igh  pH (M cBride  and Blasiak,  1979). Pure  mineral  s tudies have 
sugges ted  that  Zn and Cu bind to s i l icate  clays through ion exchange 
or f ixa t ion  processes  and also by prom otion  o f  surface hydrolysis .
S tud ies  on the Zn and Cu aff in i ty  for oxyhydroxides  o f  Fe and Al 
show p ron o u n ced  adsorp t ion  under  acid condit ions  and a strong 
d ep en d e n ce  o f  adsorp t ion  on pH (M cBride  and Blasiak,  1979). The
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relative adsorption aff ini ty  of  heavy metals  for soil o f  Pb > Cu > Zn > 
Cd is similar to biosolids — treated soil with Cd and Zn having  lower 
adsorption aff inities and greater b ioava i lab i l i ty  than Pb and Cu in 
biosolids-  treated soils (Basta and Sloan, 1999).
2.13.8 Copper
Soil copper content in agricultural  soils has increased during the last 
few decades as a result of  manure and fert l iser  applica t ion.  Solubil ity  
and mobili ty , however , are low due to adsorpt ion  o f  Cu onto soil 
organic matter  and clay minerals  in the top soil (Romkens et al., 
1999).
Many chemical forms o f  Cu have been observed in soil solution. In 
acid conditions, the main form is free Cu2+ while  in a lkaline soil 
solutions the forms are CuOH+ , C u C 0 3 and C u(O H )2 . McBride 
(1989) reported that at pH values close to 7, more than 99 % o f  Cu in 
solutions is complexed by organic matter .  As the pH drops,  so does 
the complex content, while that o f  Cu2+ increases  (Sanders  and Adams, 
1987). Organic  complexes formation is p rom oted  by h igh pH values 
and organic matter  contents (Sheppard and Thibault ,  1992). However,
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T e m m in g h o f f  et al. (1994,)  observed  that m eta l -o rgan ic  complexes  are 
som etim es  dominant ,  even at low pH values.
S o lu b i l i ty  o f  Cu in soils is affected by changes in the dissolved 
o rgan ic  carbon  (DOC) concentra t ion ,  with Cu being more soluble at 
h ig h e r  DOC levels  (Camobreco  et al., 1996). Romkens et al. (1999),  
found  that  heavy  metal  behav iour  is st rongly linked to the DOC cycle 
and p rocesses  that  control  DOC have a direct  impact on solubi l i ty  of  
h eavy  metals .
2.13.9 Zinc
Zinc  is com m only  defic ien t  in plants  growing on ca lcareous soils,  
a l though  the Zn content  o f  these soils is s imilar  to non-ca lcareous  
soi ls .  In soil solut ions ,  Zn is mainly  present in a free ionic  form Zn2+ 
and as metal  — organic  complexes (Holm et al., 1995; McBride,  1989). 
Z inc  forms uns tab le  complexes  with organic mat ter  which  dissociate  
as pH drops be low 6 (Lebourge  et al., 1998). Zinc so lub i l i ty  in soils 
w i th  pH>5.5  seems to be de te rmined  by a specif ic  adsorp t ion  process 
p o ss ib ly  invo lv ing  Al and Fe oxides. At lower pH, Zn adsorp t ion  can 
be  reduced  by com pet ing  cations l ike Ca2+, while  at h igher  pH(>7.5)
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soluble Zn may actually increase as organic complexes  in soil solut ion 
(McBride and Blasiak, 1979). Invest iga tions by Singh et al. (1997) 
reported that there were strong correlat ions be tween  Zn sorp t ion  and 
CEC and organic carbon. Shuman (1999) cited similar  observat ions 
that  Zn avai labili ty to plants was decreased by natural  organ ic  matter  
and organic matter  added to soils during remedia t ion .
By contrast,  Mandal et al. (2000) observed that  Zn desorp t ion  was 
enhanced by the addition of  organic matter  pa r t icu la r ly  in soils which 
had been subjected to different  mois ture  reg imes th rough  cycles of 
wetting and drying. Other studies showed that  b ioava i lab i l i ty  o f  Zn 
is controlled more by desorption than adsorp t ion  react ions  and 
variations in Zn desorption in different  soils used were re la ted  to soil 
pH, Fe oxyhydroxides bonding energy constants  and free energies.
Phosphate additions have been found to p rom ote  symptoms that 
resemble Zn defic iency in plants. Zn def ic iency  in p lants  induced by 
P additions may be due to decreased up take  o f  Zn by plant  roots 
(Loneragan et al., 1979) probably  through re ten t ion  o f  Zn by the soil. 
Phosphate has been observed to increase  Zn sorp t ion  by 
oxyhydroxides used as models  o f  soil cons t i tuen ts  but  the effects
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o b se rv e d  on soi ls  are v a r iab le  and it has  been  sugges ted  that  more  
t h a n  one m e c h a n i sm  m ay  be opera t ing .
A d d in g  p h o sp h a te  in f lu e n ce s  a change in so lu t ion  pH which  could  be 
l a rg e  and could  e i the r  inc rease  or decrease  Zn so rp t ion  d epend ing  on 
the  d i re c t io n  o f  the pH effect .  A second effec t  was assum ed to 
o p e ra te  t h ro u g h  the e f fec ts  o f  pho sp h a te  on charge  which  corre la ted  
w i th  the  am o u n t  o f  so rbed  ph o sp h a te  (Barrow ,  1987).
2.13.10 Uptake of Cu and Zn by plants
W h e n  h e av y  m eta ls  are added to soi ls,  the i r  in i t ia l  m ob i l i ty  wil l 
l a rg e ly  depend  on the  form in which  they are added,  hence  the source. 
T h e  t race  e lem en ts  Cu and Zn are essent ia l  to p lan ts  as cons t i tuen ts  o f  
e n zy m es  tha t  in i t i a te  and help  carry out a num b er  o f  chemical  
t r a n s fo r m a t io n s  at am b ien t  tem pera tu re  and p ressure .  They  are 
u t i l i s e d  by  p lan ts  as ch e la ted  com plexes  or as s im ple  ions Cu2+, Z n 2+, 
p re s e n t  in  so lu t io n  or he ld  on the exchange  com plex  (Wolf ,  1994).
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2.13.11 Cu and Zn Toxicity
Cu toxici ty  does not occur readily  in most  soils due to s t rong  bonding  
o f  Cu to clay and organic  matter.  T ox ic i ty  o f  Cu to p lan ts  that  have 
been observed was the result  o f  long term add i t ions  o f  b ioso l ids ,  
munic ipal  composts , industr ia l  mine waste, and repea ted  applica t ions  
o f  Cu-conta in ing  pest ic ides par t icu la r ly  on sandy soils (Wolf ,  1999). 
Cu toxic i ty  was detected in sheep graz ing on pas tu re  land which  had 
received surface applica t ion  of  manure  slurry  from waste  o f  pigs 
whose diet had supplements  o f  250 mg L '1 C u S 0 4 added  to the ir  diet 
(Wu et al., 1999).
Most plants  are to le ran t  o f  large amounts  o f  Zn. D am ag e  to p lan ts  is 
largely  l imited to areas close to Zn spoils  f rom m ines  or to fields 
dressed with large amounts o f  city and town refuse  and b ioso l ids
(Wolf,  1999).
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2.14 Legis lation  regarding the use of biosolids
2.14.1 Background
The issues o f  r ecyc l ing  and disposal  o f  b iosol ids  has received growing 
in te res t .  This  has been  due mainly  to at tempts  in reducing the adverse 
env ironm en ta l  e ffects  o f  b iosol ids  disposal  as well as to address  
pub l ic  hea l th  issues better .  In addit ion, there  is recogni t ion  that 
b io so l id s  could be used as a resource  i f  managed jud ic ious ly ,  hence, 
gove rn m en ts  have  e ither  re-assessed or establ ished new legis la t ion  
co nce rn ing  b ioso l ids  management .
2.14.2 The European Union (EU)
In the m em ber  coun tr ies  of  the EU, leg is la t ion  regarding  biosol ids  
m an ag em en t ,  such as, Direc t ive  1999 /31/EEC on the landfi l l  o f  waste,  
those  that  have the s t rongest  impact  on b iosol id  product ion ,  disposal  
and recyc l ing ,  are Direc t ives  91 /271/EEC concerning urban waste 
w a te r  t rea tm en t  and 86 /278/EEC on the use o f  b iosol ids  in agriculture.  
D isposa l  by in c in e ra t io n  and disposal  to landfi l l  is covered by general  
leg i s la t io n  such as, Air  Emiss ions  Waste  Inc inera t ion  Decree and
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E nvironm en ta l  P ro tec t ion  Act o f  the  N e th e r lan d s  and E n v i ro n m e n ta l  
Po l lu t ion  Act o f  the United  Kingdom. It should  be r e c o r d e d  tha t  in 
most  EU countr ies ,  disposal  to landf i l l  o f  b io so l id s  is p ro g re s s iv e ly  
be ing  reduced  by applica t ion  o f  the  D irec t ive  on the lan d f i l l  o f  waste 
(1999 /31 /E EC ).  There  are o ther  uses o f  b ioso l ids  such as s i lv icu l tu re ,  
na tura l  forest,  land rec lam at ion  and green  areas but  th e re  are  l imited 
specif ic  regula t ions  on these uses which  d i f fe r  b e tw ee n  the  m em ber  
countr ies .
The debate  on the agr icu l tu ra l  use  o f  b io so l id s  o r ig in a te d  m a in ly  in 
N or thern  Europe at the b e g inn ing  o f  the 1990s.  R eg u la to ry
requ i rem en ts  o f  b ioso l ids  use in the  m em b er  coun tr ies  o f  the  E uropean  
Union  are d if feren t  be tw een  coun tr ies  due to doubts  on the  safe ty  of 
the food products  on the m arke ts  and on the a b i l i ty  o f  exis t ing  
regu la t ions  and controls  to m in im ise  h um an  exposu re  to p o te n t ia l  r isks  
espec ia l ly  after  the recent  h ea l th  scares  re la ted  to G ene t ica l ly  
M odif ied  Organisms (GMOs),  d iox ins  and B o v in e  S p o n g i fo rm  
E n cepha lopa thy  (BSE) or “m ad cow d ise ase ” .
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2.14.2.1 EU requirements for the use of biosolids in agriculture
In a c c o rd a n c e  w i th  D irec t iv e  86 /278 /E E C  which  regu la te s  the use o f  
b io so l id s  in a g r ic u l tu re  in such a way as to p reven t  ha rm fu l  e ffects  on 
soi l ,  v e g e ta t io n ,  an im als  and man, some spec i f ica t ions  were ou t l ined :-
1. Obligations for treatment. That  b ioso l ids  must  undergo  t rea tm ent  
b io lo g ic a l ly ,  ch em ic a l ly  or heat  t rea ted ,  s tored for some length  of  
t im e ,  or p ro ce ssed  so as to reduce  its fe rm en tab i l i ty  and heal th  
h a za rd s  r e s u l t in g  f rom  its use; and
2. Limit values for heavy metals in biosolids. H eavy  metals  
c o n c e n t r a t io n s  in the b ioso l ids  must  not  exceed  specif ic  l imit  values.  
The  D i re c t iv e  also spec i f ies  that  b ioso l ids  may not be used  on land 
w h en  the  soil  co n ce n tra t io n  exceeds the l imit  va lues  set out in the 
D i rec t iv e ,  and m em b er  countr ies  have  to ensure  that  the l im it  va lues  
are not  ex ce ed e d  as a resu l t  o f  b ioso l id s  app l ica t ions .  M em ber  
co u n t r ie s  h ave  set the i r  own l imit  va lues  o f  heavy  metals  in b ioso l id s  
and in m o s t  cases ,  these  l imit  va lues  have  been  set s ig n i f ican t ly  be low  
the  r e q u i r e m e n t  o f  D irec t iv e  86 /278 /E E C ,  e.g.,  the  Danish  leg is la t ion
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limits Cd at 0.8 mg/kg which is 25 times less than the  lowest  l imit  set
by the Directive (20 mg/kg).
3. Limit values in which biosolid is to be applied. Regula tions 
specify limits of  heavy metals in soil, which are in m ost  cases lower 
than the requirements  set in Directive 86/278/EEC. Some countries, 
e.g.,  Spain, Portugal, and the United Kingdom, have defined  l imits  for 
different  soil pH while in Latvia and Poland, regu la t ions  are defined 
according to various categories  o f  soil based on soil texture. In 
addit ion, the legislat ion in several member sta tes, e.g., France, 
Sweden, Netherlands, includes l imita t ions in terms o f  the  maximum 
annual load of heavy metals to agricultural  land on a ten year basis.
4. Limit values for pathogens and organic compounds in biosolids.
Although the Direct ive  86/278/EEC does not specify  requ irem ents  and 
limit  values for pa thogens content  and o rganic  compounds 
respect ively in biosol ids ,  several  national  r egu la t ions  have added 
l imita t ions in order to reduce heal th  r isks re la ted  to pa thogens  and 
specifications on organic compounds.  Regu la to ry  requ i rem en ts  on 
pathogens content in b iosol ids  is l imited in na t ional  leg is la t ion  partly 
due to the fact that national  codes of  prac t ice  are cons idered  sufficient
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to cover  the issue, by providing recommendations on biosolids 
t rea tm ent  and spreading.
2.14.3 New South Wales (NSW), Australia.
The NSW governm ent’s management policy operates along similar 
guidel ines  to those of  the European Union where beneficial  use of  
b iosol ids  is encouraged where it is safe and practicable, and where it 
p rovides  the best environmental  outcome. To this end, the NSW 
E nvironm ent  Protect ion Authority  (EPA) has stipulated a series of 
environmenta l  performance objectives for the beneficial use of  
b iosol ids  which include:
(i) Resource  Utilisation;
(ii) Protect ion of  Lands;
(iii) Pro tect ion  of Groundwaters;
(iv) Pro tec t ion  of  Surface waters; and
(v) Community  Amenity.
The NSW EPA has developed a system of c lassif icat ion to assist in 
iden t i fy ing  the suitabil ity o f  biosolids products for land use or 
d isposal ,  based on: (1) concentration o f  contaminants  specifically of 
heavy metals  and organic compounds (contaminant grading);  and (2) 
its s tab i l isa t ion  characterist ics .  The classif icat ion describes the
m anner  in which biosolids may be used :
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(i) Unrestr icted use;
(ii) Restricted use (further classified into restr icted use 1, restricted 
use 2 and restricted use 3); and
(iii) Not suitable for use.
2.14.3.1 Contaminant grading in NSW
The NSW EPA has stipulated guidelines for acceptable levels of  heavy 
metals and organic compounds which are listed in Table  2.8.









Arsenic 20 20 20 30
Cadmium 3 5 20 32
Chromium 100 250 500 600
CoPPer 100 375 2 000 2 000
Lead 150 150 420 500
Mercury 1 4 15 19
Nickel 60 125 270 300
Selenium 5 8 50 90
Zinc 200 700 2500 3500
DDT/DDD/DDE 0.5 0.5 1.00 1.00
Aldrin 0.02 0.2 0.5 1.00
Dieldrin 0.02 0.2 0.5 1.00
Chlordane 0.02 0.2 0.5 1.00
Heptachlor 0.02 0.2 0.5 1.00
HCB 0.02 0.2 0.5 1.00
Lindane 0.02 0.2 0.5 1.00
BHC 0.02 0.2 0.5 1.00
PCBs 0.3 0.3 1.00 1.00
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2.14.3.2 Stabilisation Grading in NSW
The s tabil isa t ion charac ter is t ics  grade biosolids based on pathogen 
reduc t ion  and vector  a t t ract ion reduct ion cri ter ia used for stabilising 
( t rea tm ent  process used)  the biosolid. The stabil isa tion grading used 
by the NSW EPA was derived from the US EPA regulations contained 
in the Code o f  Federal  Regulations Part 503 (1993). Briefly, grading 
specif ies  whether  the biosol ids  has undergone the fol lowing process- 
Grade A
• Thermal  t reatment;  or
• High pH and high temperature  process 
Grade B
• Aerobic  or Anaerobic  digestion;
• Air  drying;
• Composting;
• Lime stabil isa t ion;
• Extended aeration;  or
• Other  processes accepted by EPA.
Legis la t ions  regard ing  the beneficial  land applicat ion of  biosolids for 
bo th  agricul tural  and non-agricultural  purposes address the following:
• Appl ica t ion  rates;
• Su i tab i l i ty  o f  sites for biosol ids  land application;
• M anagem ent  practices;
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• Site requirements;
• Adminis trat ive requirements;  and
• Statutory requirements.
Guidelines regarding the above issues are outlined in Section 4 of  the 
Environmental  Guidelines EPA 97/62 (Ang and Sparkes, 2000). The 
procedures for determining the maximum biosolids applica t ion rate are 
bounded by two restrictions, the Nitrogen Limited Biosolids 
Application Rate (NLBAR) and the maximum Contaminant  -  Limited 
Biosolids Application Rate (CLBAR). The NLBAR (t/ha), is based on 
crop requirements  and the avai lable nitrogen (N) content o f  the 
biosolids,  i.e.,
NLBAR(t/ha) = crop requirement  (kg/ha) /
Available  Nitrogen (kg/t)
Nutrients  requirements  of a crop and pasture depend on soil 
characterist ics, climatic conditions and management ,  hence the 
NLBAR for biosolids application will vary depending on crop and 
location; crop and pasture nutr ient requirements  are out l ined in 
Schedule 4 of  EPA 97/62 (Ang and Sparkes, 2000).
The maximum CLBAR is the rate, in dry solids tonnes per  hectare,
which will cause the limiting contaminant to achieve the Maximum
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A l lo w a b le  Soil  C o n tam in an t  C o n c en t ra t io n  (M A SCC).  The m ax im u m  
C L B A R  for  an a p p l i c a t io n  is e s tab l ished  by c a lcu la t in g  CLBA R for  
each  c o n ta m in a n t  u s in g  the fo l low ing  equat ion :
C L B A R  = M A S C C  -  M ISCC x SM
BCA C






contam inant-lim ited biosolids application rate (t/ha) 
max allow able soil contam inant cone (mg/kg) 
m easured in situ soil contam inant cone (mg/kg) 
b iosolids contam inant application cone (mg/kg) 
incorporated  soil mass per hectare (dry t/ha)
The  C L B A R  for  each  ind iv idua l  c o n tam in an t  are com pared  and the 
lo w e s t  c a lcu la te d  C L B A R  is the l im i t ing  co n tam in an t  and its C L B A R  
is the m a x im u m  ra te  tha t  m ay  be used.
2.14.4 Fiji
At p re s e n t  th e re  is no leg is la t io n  spec i f ic  to b io so l id s  d isposa l  or 
r e c y c l in g  o f  b io s o l id s  in Fij i .  The  draf t  S u s ta in ab le  D e v e lo p m en t  Bil l  
has  d raw n up A c ts  to a d m in is te r  the  m a n a g e m e n t  o f  was te  p ro d u c t  in 
g en e ra l ,  e .g. ,  Pu b l ic  H ea l th  Act and Sew arage  Act  . The S ew arage  Act
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is mainly concerned with guidelines on the levels  o f  heavy  metals  and 
nutr ients in effluent released to natural water  bodies.
2.15 General conclusions
The increasing sophist ica t ion in waste water t rea tment  technology  for 
the removal of  P in biosolids,  implies that P levels in b ioso l ids  will 
continue to rise. In addition, natural  resource P m inera ls  are declining 
to low grade ores which are expensive to recover econom ica l ly  making 
recycling biosolids a viable al ternative as a soil P fer t i l i ser .  Biosolids 
are rich in other essential plant nutrients  and im prove  both the 
physical  and chemical propert ies of  the soil.
One of  the concerns about the use of  b iosol ids  is t race metal  content 
which varies considerably depending on source and type. Cu and Zn 
are usually found in appreciable  amounts in most  b ioso l ids  and their 
contents in the soil can be elevated through the addit ion  o f  biosolids.  
These elements are present in b iosolids in var ious  forms and their 
distr ibution and b ioavailab il i ty  is affected by a n um ber  o f  factors 
which may be physical ,  chemical  or b io logical .  Those  that  appear to 
have the most significant  influence are soil pH and o rganic  matter
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conten t .  Often,  s t rongly  weathered  tropical  soils are defic ien t  in trace 
m eta ls  p a r t i cu la r ly  Cu and Zn.
S trong ly  w ea the red  soils such as those found in the t ropics  are 
dom ina ted  by Fe and A1 oxyhydrox ides  minerals  which are known to 
r em ove  P from solu t ion  by adsorpt ion.  Addi t ion  o f  b ioso l ids  
in t ro d u ces  organic  mat ter  to the soil. It has been suggested that  
o rgan ic  an ions  can compete  with P for adsorpt ion sites thus reducing  P 
adsorbed  (Hue, 1991). Conversely ,  other workers  have reported  
increases  in adsorp t ion  fol lowing addit ions o f  organic  amendments .  
The increases  have been  a t t r ibuted  to the accompanying  addit ion of  
ca t ions  tha t  can prec ip i ta te  or form complexes with low m olecu lar  
w e igh t  o rgan ic  compounds thus increas ing  the adsorpt ion sites o f  the 
soil (F rossa rd  et a l.1995, Robinson and Sharpley, 1996). The varied 
resu l ts  f rom  studies on P in b ioso l id  amended soil are due to the 
va ry in g  na tu re  o f  biosol ids  and the soil propert ies .
M ost  b ioso l id s  applica t ion  rates are based on n i t rogen  content  
T ra n s fo rm a t io n  o f  N strongly  affect  soil pH (Fine et al., 1996) which 
can have a s trong effect  on both  d isso lu t ion  and f ixat ion o f  inorganic  
P (Pra t t  et al. , 1956). Low solu t ion  pH increased  concen tra t ion  of
98
solu t ion  Ca2+ and M g2+ derived from d isso lu t ion  o f  ca rb o n a te s  and 
desorp t ion  through  exchange with N H 4+.
In this research  soils dom ina ted  by Fe and Al o x y h y d ro x id e  m inera ls  
were  studied to inves t iga te  the effect  o f  b io so l id  am e n d m e n t  at rates 
de te rm ined  by P requ irem ents .  The study in v es t ig a te d  the  dynam ics  of 
the nu t r ien t  P and the t race  metals  Cu and Zn in the sol id  and liquid 
phases  o f  the amended soil.
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Chapter 3
General Soil Properties and Adsorption Studies _______
3.1 Introduction to sorption
The supply  of  P from soils to plants is largely  controlled by 
adsorp t ion  - desorp t ion  react ions,  which regulate  the concentra tion of  
P in soil solut ion (Curt in  and Syers, 2001). Generally ,  soils with low 
nu t r ien t  status are ex tremely  deficient  in phosphorus ,  hence fert i liser  
app l ica t ions  are recom m ended  for s ignif icant yields.  Effective 
fe r t i l i se r  P use has, however,  to be based on a knowledge  of  the 
b e h av io u r  o f  P added to soil. Reactions o f  added P depend on a 
n um ber  o f  soil p roper t ies  that  include pH, organic matter ,  presence of  
cat ions  l ike  Ca, Fe and A1 and anions like S 0 4. Generally ,  highly 
w eathered  soils dominated  by Fe and A1 oxyhydroxides  minerals  have 
a h igh  capaci ty  to adsorb P, hence soils can be ca tegorised on the 
basis  o f  their  abil i ty  to adsorb and retain  P under d if fer ing  condit ions.
The re la t ionsh ip  be tween the amount o f  P added to the soil and the 
equ i l ib r ium  concentra t ion  is a good parameter  for assess ing  the soil P
sta tus  in terms o f  p lant  response (Dodor and Oya, 2000). Sorption
100
isotherms have been used to acquire in formation  on the quanti ty  and 
intensity of P avai labili ty where the amount o f  P sorbed at standard 
supernatant concentrations has been used as an est imate o f  fer t i l iser  P 
for optimal growth (Fox and Kamprath, 1970; Juo and Fox, 1977). 
Investigators have used phosphate adsorption isotherms to evaluate the 
degree of  sorption in relation to soil propert ies:  this can be helpful  in 
correlat ing soil P concentrations and plant  growth.
In tropical acid soils, the different forms o f  Fe and A1 have a large 
influence on the P adsorption process. Adsorpt ion  p r imar i ly  occurs by 
the covalent bonding of  phosphate ions to oxyhydroxides o f  Fe and Al, 
and several studies have shown an increase in P sorpt ion with 
increasing Fe and Al (Moody and Boland, 1999). Soil characterist ics 
which have also been shown to influence P sorpt ion in soils include 
pH, clay content, surface area, organic matter ,  exchangeable  cations, 
ionic strength, redox potential  and tem pera ture  (Juo and Fox, 1977; 
Fox, 1982).
The objective o f  this study was to evaluate the phosphate  adsorption 
propert ies of 15 soil samples from 5 prof i les  d if fer ing  in parent 
mater ials  in the I l lawarra- Shoalhaven region,  NSW, Austra l ia .
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3.2 M ater ia ls  and Methods
3.2.1 Soil Samples:
F i f tee n  f ie ld  soil  sam ples  were co l lec ted  from surface  or subsurface  
h o r iz o n s  o f  f ive  s i tes a round the sou thern  I l l a w a r ra -S h o a lh a v e n  
reg ion .  The  soils are  de r ived  from a range  o f  pa ren t  m ater ia ls  but  
s i tes  w ere  chosen  based  on their  hav ing  p roper t ies  (e.g.,  pH and 
m in e ra lo g y )  s im ila r  to those  comm on in t rop ica l  soi ls,  which could  
in f lu e n c e  the i r  P so rp t ion  propert ies .  B r ie f  in fo rm a t io n  on each soil is 
g iven  in T ab le  3.1, and de ta i led  p ro f i le  d esc r ip t ions  are given in 
A p p e n d ix  1.
3.2.2 Soil sample preparation
Sam p les  w ere  co l lec ted ,  a i r -d r ied ,  ground  and s ieved  using 2 mm and 
250 pm  sieves .  A n a ly ses  were  carr ied  out in dup l ica te  and resu l ts
r e p o r t e d  as averages .
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Location Parent material USD A
Classification *
Reference
GNG01 0-40 Gerrigong to Blow Hole Latite Oxic Argiudoll, fine, Hazel ton..
40-96 Geroa road Member, mid grey mixed, thermic (1992)
96-160 Latite generally Handoyo,
aphanitic (1996)
JBU 01 0-25 Saddleback road Saddleback latite Humic Kandiudox, Handoyo,
25-100 outside Kiama clayey, oxidic, (1996)
thermic
ULL2 0-10 Woodstock Road, Laccolith of Typic Argiudoll, Quinane,.
10-22 Milton porphritic clayey, mixed, (1997)
22-37 monzonite of late thermic
37-100 Permian age
ULL 1 0-25 Woodstock Road, Laccolith of Typic Argiudoll, Quinane,
25-45 Milton, on comer porphritic clayey, mixed, (1997)
45-80 with Croobyer road monzonite of late thermic
Permian age
TGA 0-30 Tea tree trial site, Undifferentiated Aerie Epiaquult, Quinane.
30-53 Adjacent to sewage sediment of sandy over clayey, (1997)
63-82 treatment plant. tertiary age mixed, thermic
Ulladulla
*(Soil Survey Staff,  1996)
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3.3 SOIL TESTS
Pre l im inary  soil tests  were carried out to determine some of  the soil 
p roper t ies  affect ing  P sorption.
3.3.1 Soil pH
Soil pH in KC1 and pH in H20 were determined in 1:2.5 (w/v) 
suspensions (Rayment  and Higginson, 1992).
3.3.2 Electrical conductivity (EC)
Electr ica l  conduct iv i ty  was measured in 1:5 soil / water extracts. Air- 
dried soil (1 0 g, < 2mm ) was shaken with water (50 mL) for 1 hr. 
A f ter  the suspension was allowed to settle for 30 mins, EC of  the 
supernatan t  was measured using a Crison Micro pH 2001 (Rayment 
and Higginson,  1992).
3.3.3 Organic Carbon
Organic  carbon content was determined by wet oxidation using the 
m odif ied  Walkley-  Black method. Concentrated H2S 0 4 (20 ml) was
added to a ir-dried  soil (0.2 -  1 g, < 250pm) wetted with potassium
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d ich rom ate  solut ion (10 mL, 0 .1667 mol L !) and t i t ra ted  w ith  ferrous 
su lpha te  (0.5 mol L '1 ) (Rayment  and H igginson ,  1992).
3.3.4 Short- range order Fe and A1 oxyhydroxides
Short  range  order  m inera ls  o f  Fe and A1 were  ex t rac ted  by the 
am m onium  oxalate-  oxalic  acid solu t ion  in the dark (T am m s,  1932) 
fo l low ed  by analysis  o f  Fe and A1 by f lame a tom ic  absorpt ion 
spec t roscopy  (AAS).
3.3.5 Citrate/dithionite/ bicarbonate- extractable Fe and A1
Fe and A1 assoc ia ted  with o xyhydrox ides  were  ex t rac ted  w i th  citrate 
- d i th io n i te - b ic a r b o n a te  (R aym ent  and H igg inson ,  1992).
3.3.6 Total exchangeable bases
E x ch angeab le  Ca, Mg, Na and K were de te rm in ed  by  shak ing  ~ lg 
soil in am m onium  aceta te  (40 m L , l  mol L '1 , pH 7) for  1 hr and the 
ex t rac tan t  analysed using  F lame AAS (Daly  et al.,  1984).
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3.3.7 P Sorption Properties
3.3.7.1 Sorption index
Soil (2 .5g ,  < 2mm) was shaken with P solut ion (50 mL, 7.5 mg P/L ), 
for  17 hrs.  A fter  cen t r i fuga t ion  and fi l t rat ion,  P was de te rmined in 
the ex trac t  by the Murphy  and Riley molybdate  blue / ascorbic acid 
m eth o d  using  KC1 (0.02 mol L '1) as the diluent  (Rayment  and 
H igg inson ,  1992).
3.3.7.2 P adsorption isotherms
P h o sp h o ru s  adsorp t ion  isotherms were de te rmined using the method 
desc r ibed  by Fox and Kam pra th  (1970).  Dupl ica te  2 g <2 mm 
sam ples  o f  each soil were equil ibra ted  on an end over end shaker in 50 
ml o f  0.01 mol L '1 NaCl conta in ing  graded P levels from 0 to 5.0 mg 
P as K H 2P 0 4 for 16 hrs. Two drops of  toluene were added to each 
sam ple  to p reven t  m icrob io l  growth.  The soil suspensions were then 
c en t r i fu g ed  at 3000 rpm for 10 minutes  and fi l tered through  paper 
f i l te r  (W ha tm an  42). The supernatant  was analysed for P using the
M u rp h y  and Ri ley  (1962) p rocedure .
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Adsorption data are usual ly  represented by adsorp t ion  iso therm s which 
are plots of the quanti ty  o f  any sorbate re ta ined  by a solid as a 
function of  the concentra tion of  the sorbate  in the ba th ing  gas or 
solution phase that is in equil ibrium with the sol id phase  (McBride, 
1994). A number of  empirical  equations, l inear  and non-l inear ,  have 
been proposed to described sorption on any sorbent  and include the 
Freundlich  equat ion and the Langmuir  equat ion.  A l though  these 
equat ions were or ig inally  derived to describe the adsorp t ion  of  gases 
by solids, in many cases these models have  prov ided  adequate 
mathematical  descrip t ions o f  P sorption in soils and hence  have been 
used extensively to describe the adsorpt ion o f  phospha te  by soils 
(Olsen and Watanabe,  1957; Fox and Kamprath ,  1970; Syers et al. , 
1973; Ryden and Syers, 1975; Barrow, 1999; Dodor  and Oya, 2000).
A number of  studies on P adsorpt ion p roper t ies  o f  h igh ly  weathered 
soils have used the Langmuir  isotherms (Syers et al.,  1973; Dandy and 
Morrison (1980); Dodor  and Oya, 2000) hence P sorp t ion  data  in this 
study were also fi tted into the Langm uir  equa t ion  to optimise 
comparative  parameters .  Syers et a l. (1973) no ted  that  a major 
advantage of  the Langmuir  equation is the poss ib i l i ty  o f  ca lcu la t ing  an
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a d s o r p t io n  m ax im u m  and a cons tan t  that  is re la ted  to the P b ind ing  
s t ren g th .  In its fu n d am en ta l  form, the  L angm uir  equa t ion  is 
d e sc r ib e d
x/m  = K b C / ( l  + KC) which  can be w r i t ten  as -
c  = Ç  + 1_
x/m b Kb




C = the equilibrium concentration of P in the soil solution;
x/m = the quantity of phosphate sorbed per gram of soil; 
b = the sorption maximum; and
K = a constant related to the bonding energy of sorption.
T h e re  are  a n u m b er  o f  theore t ica l  a ssum pt ions  beh ind  the Langm uir  
i so th e rm s :  that  adso rp t io n  occur as a site specif ic  phenom ena;  that  
a d s o r p t io n  invo lves  m o n o la y e r  coverage  o f  hom og en eo u s  sites that  
h a v e  c o n s tan t  energy;  that  sorb ing  m olecu les  do not in teract .  
( M o r r i so n  and Dandy ,  1978; Wolt ,  1994; Me Bride,  1994; Paplis  and 
Um , 2001) .  D esp i te  these  assum pt ions ,  soil P s tudies  continue  to use 
the  L a n g m u i r  equa t ion  because  it p rov ides  adequa te  m athem atica l  
d e s c r ip t io n s  o f  P so rp t ion  in soils and p resen ts  a s imple  way o f
c o m p a r in g  P a d so rp t io n  b e h av io u r  o f  d i f fe ren t  soils.
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The Freudlich adsorption has often been used to descr ibe  adsorpt ion  
react ions in the form:
x = kcn or log x = log k + n log c
where x is the amount  of  P adsorbed per unit weight o f  soil, c is the 
concentra tion of  P in solution and k and n are constants  that  vary 
among soils. Unlike the Langmuir  equation, this equat ion  does not 
include an adsorption maximum. However, ne ither  model provides 
specif ic  information on the actual adsorpt ion m echanism involved 
(Alloway, 1990).
3.3.7.3 Effect of Ionic strength and Index ion on P sorption
Adsorption isotherms were determined using d if fe ren t  support ing 
matrices which included 0.1 mol L 1 NaCl, 0.01 mol L '1 NaCl,  and 
0.01 mol L CaCl2. Ionic strength is charac ter is t ic  o f  the  solu t ion  and 
defined as, I — O.s X Q Z ,2 , where C, and Z, are the concen tra t ion  and
valence o f  the zth component.
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3.3.8 Exchange Acidity
Air dried soil (lOg) was suspended in KC1 (1 mol L '1) and equil ibrated 
for 1 hr. After  f i l t ra t ion the extract was t it rated first with NaOH (0.1 
mol L '1) to pH 8 then with HC1 (0.1 mol L ' ^ Y u a n ,  1959).
3.3.9 Available P (Olsen P)
Air dried soil (5 g) was suspended in N a H C 0 3 (100 mL; 0.5 mol L '1; 
pH 8.5) and shaken for 30 mins at 25°C, centrifuged and filtered with 
W hatman No 42. Aliquots  were accurately transferred into 50 ml 
vo lum etr ic  flasks then acidif ied to pH 5.0 with H2S 0 4 using p -  
n i t rophenol  as indicator. The solution was then analysed for P by the 
M urphy and Riley (1962) procedure (Rayment and Higginson, 1992)
3.4 Results and Discussion
3.4.1 Soil properties
Data  obtained from the prel iminary soil analyses are shown in Tables
3.2 and 3.3. Table  3.3 includes the corre lat ion coeff icient  between 
organic  carbon and sorption index of  soils collected at more than two
depths .
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Table 3.2. pH, moisture factor, EC, acidity and Exchangeable Bases for the 
Illawarra-Shoalhaven Soils Studied
SOIL Depth pH pH EC Ex Ca Ex Mg Ex Na Ex K TEBs H+ Al3+
(cm) KC1 H20 pScm"1 (cmol (cmol (cmol (cmol (cmol meq meq
/kg) /kg) /kg) /kg> /kg) /100 /100
GNG (0-40) 4.8 5.6 46.9 1.62 0.44 0.15 0.17 2.4 1.99 0.09
GNG(40-96) 5.6 5.8 39.4 0.66 0.25 0.14 0.03 1.1 0.67 0.06
GNG (96-160) 4.5 4.7 62.1 0.29 0.19 0.11 0.00 0.6 na na
JBU (0-25) 5.0 5.5 80.5 1.20 0.51 0.07 0.25 2.0 0.55 1.59
JBU (25-100) 4.2 4.7 25.7 0.35 0.16 0.07 0.15 0.7 0.81 6.56
ULL1 (0-25) 4.6 5.2 45.4 1.93 0.57 0.09 0.05 2.6 0.22 0.08
ULL1 (25-45) 4.4 5.4 24.7 1.81 0.81 0.21 0.02 2.8 na na
ULL1 (45-80) 4.8 5.4 34.8 1.82 0.92 0.30 0.02 3.1 0.28 0.46
ULL2 (0-10) 4.8 5.6 75.1 1.59 0.30 0.04 0.36 2.3 0.24 0.08
ULL2 (10-22) 4.5 5.2 41.5 2.78 0.21 0.04 0.23 3.3 na na
ULL2 (22-37) 4.4 5.1 32.5 1.56 0.18 0.04 0.07 1.9 2.58 0.19
ULL2 (37-100 4.4 4.8 52.7 1.09 0.25 0.06 0.03 1.4 na na
TGI (0-30) 3.9 4.5 35.3 0.05 0.03 0.04 0.02 0.1 0.42 0.52
TGI (30-63) 4.2 4.5 24.8 0.07 0.07 0.05 0.01 0.2 0.27 0.75
TGI (63-82) 3.9 4.7 46.9 0.07 0.11 0.06 0.01 0.3 0.33 0.33
Note :na  means tha data is not avai lable
The investigated soils showed var iab i l i ty  in their  phys ica l  and 
chemical  characterist ics .  pH values in KC1 ranged  from 3.9 to 5.0. 
Exchangeable  bases content were: Ca - from 0.07 -  2.78 cm ol /kg
I l l
Table 3.3: Regression analysis between organic carbon and sorption index
(p<0.05)
Soil depth Regression Org Carbon Sorption Index
(cm) Analysis % m g k g '7 l o g 10ugP l ' 1
GNG 1 (0-40) y= -2.4x +69 
r2 =0.83
6.9 52.68
GNG 1 (40-96) 1.45 61.25
GNGI(96-1 60) 0.54 71.09
JBU(0-25) 8.17 56.69
JB U(2 5-1 00) 2.37 70.57
ULL 1 B(0-25) y= - 8 . lx  +85 
r 2 =0.85
5.18 42.01
U L L 1 B(25-45) 1.74 66.27
ULL 1 B(45-80) 2.57 71.42
U LL2(0 -1 0) y= -8.7x +82 
r2 =1
5.74 32.48
ULL2(1 0-22) 4.37 43.62
ULL2(22-37) 2.31 63.57
ULL2(37-  ) 1.24 70.58
TGI (0-30) y= -23 .6x +59 
r2 =0.67
1.67 20.75
TG 1 (30-63) 0.68 31.74
TGI (63-82) 0.53 55.74
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(mean 1.13); Mg- 0.03 -  0.92 cmol/kg (mean 0.33);  Na  - 0.04 -  0.30 
cmol/kg (mean 0.10); K from 0.01- 0.36 cmol/kg  (mean 0.09).  
Extractable  A1 values were in the range 0.02 -  2.17 cm ol /kg  with  a 
mean of  0..32 implying that the soils have undergone  w ea the r ing  to 
the extent that A1 cannot be readily  extracted with a neu tra l  salt.
These results are typical of  Oxisols and Ult isols  (Fox, 1982). In 
addit ion, the high CDB extractable Fe and A1 re la t ive  to the oxala te  Fe 
and A1 concentrations suggest that the soils conta ined  reasonab le  
amounts o f  well crystal lised Fe and A1 oxyhydroxides  which  are 
characterist ic  of advanced weathering processes.  Organic  carbon 
content for the 15 soils ranged from 0.53 -  6.90 %; surface  soils 
content were between 1.67 -  6.90 %, while sub-surface  soils were in 
the range 0.53 -  2.37 %.
Soil pH was measured in both water and 1 mol L '1 KC1 solution. 
Values in KC1 were lower indicating that  the soil surface  has a net 
negative charge. The value ApH = pH KC1 -  p H water can be calculated;  
the sign and magnitude of  ApH correspond to the  s ign and magnitude 
of  the net surface charge (Uehara and Gil lman,  1981).  A value more 
negat ive than -0 .5  generally  indicates a soil d o m in a ted  by  variable
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charge  minera ls ;  about 50% o f  the soils under this study fall under 
th is  category.
3.4.2 Sorption Index
Sorp t ion  Index gives a descr ip t ion  for the abili ty of  the soil to remove 
and re ta in  P from a par t icu la r  solution,  i .e., the P buffer ing  capacity 
o f  the soil. With increasing buffer ing  capaci ty,  the proport ion  of  
lab i le  P absorbed by plants  tends to decrease. Table 3.3 shows there 
is a s t rong but negat ive  corre lat ion between sorption index and 
organic  carbon content;  r2 values range from 0.67-1.
Table 3.4 R2 values from regression analysis between Sorption Index and 
the Fe and A1 extracts for the Illawarra soils (P < 0.05)
Fe (CDB) A1 (CDB) Fe(oxalate) Al(oxalate)
Topsoils
only
0.86 0.72 0.83 0.81
Subsoils
only
0.40 0.48 0.03 0.31
T able  3.4 shows that sorption index has different  magni tude  of  
co r re la t io n  with Fe and A1 oxala te  and CDB extracts depending  on soil 
hor izons .  When all the soils are regarded as one group, corre la t ion
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between sorpt ion index and the CDB Fe and A1 are both  0.43 while  the 
oxalate Fe and A1 are 0.26 and 0.003 respec t ive ly .  W hen topsoi ls  only 
are correlated with sorption index, the Fe and A1 gives r 2 va lues from 
0.72 to 0.86 implying strong association, while  subsoils  showed less 
corre lat ion with values from 0.03 to 0.48. It appears  then  that  the 
smaller correlat ion coeffecient  values (0.003 — 0.26) for all the  soils 
as a group is heavily  skewed by the subsoils.  It could the re fo re  be 
inferred that the P buffer ing  capacity of  the soil has grea ter  
associat ion with organic  matter  than with Fe and A1 minerals .
3.4.3 Adsorption Isotherms
3.4.3.1 Introduction
Uehara and Gil lman (1981) stated that a num ber  o f  soil propert ies  
have a strong influence on the P adsorpt ion beh av io u r  o f  soils.  These 
include:
• The reactivi ty  o f  the surface which is d i rec t ly  in f luenced  by the 
soil mineral species present; soils dom ina ted  by oxyhydrox ides  of 
Fe and A1 adsorb more phosphate  than  soils dom ina ted  by
smecti tes;
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• T h e  to ta l  spec i f ic  area  o f  the  adso rb ing  surface .  This  p ro p e r ty  is 
i n f lu e n c e d  by the  p a r t i c le  size d is t r ibu t ion ;  soils w i th  a h igh clay 
c o n te n t  show ed  h ig h e r  adsorp t ion  than soi ls  w i th  apprec iab le  
a m o u n t  o f  sand;  and
• T he  p re sen c e  o f  am o rp h o u s  m ate r ia ls  w hich  increases  phosphorus  
adso rp t io n .
• The  p re sen c e  o f  c o m p e t in g  species bo th  ino rg an ic  or organic.  The 
c o m p e t in g  spec ies  are capable  o f  b lo ck in g  adso rp t ion  sites thus 
r e d u c in g  p h o sp h o ru s  adsorp t ion .
T he  i so th e rm s  d e sc r ib in g  the phospha te  adso rp t io n  b e h av io u r  o f  the 
so i ls  u n d e r  s tudy are i l lu s t ra ted  below. F igure  3.1 (a to e) and Figure
3.2 (a to e) r ep re se n t  the su r face  soils and subso ils  respec t ive ly .  The 
f ig u re s  show tha t  the soils have  d i f fe ren t  a f f in i t ie s  for P adsorp t ion .  
T h is  d i f f e ren c e  can be  deduced  m a th em a t ica l ly  us ing  the F reud l ich  
e q u a t io n  to c a lcu la te  K d:
i.e log Padsorbed = log Kd + xlog Psolution
w h e r e  K d is the d i s t r ib u t io n  coeff ic ien t .
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Table 3.5 Freundlich P distribution coefficient (KJ for surface and 
subsurface soils of Illawarra
Soil Kd surface Kd subsurface
GNG 4.23 3.01
JBU 4.10 8.45
U L L 2 3.48 6.32
ULL1 3.02 3.41
TG 1 1.21 1.64
117
Figure 3.1. Surface Soils: P adsorption isotherms in 0.01 mol L'1 NaCl
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Figure 3.2. Subsoils: P adsorption isotherms in 0.01 mol/L NaCl
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T h e  c u rv i l in e a r  r e l a t io n s h ip  b e tw e e n  P a d so rb e d  and E q u i l ib r iu m  
c o n c e n t r a t i o n  d i sp lay e d  as a d so rp t io n  i s o th e r m s  o f  the  s u r f a c e  soils 
su g g e s t  th e re  is an a f f in i ty  b e tw e e n  the  soil  s u r f a c e  and  the  a dso rbed  
p h o s p h a t e  ions.  T he  Kd v a lu e s  for  su r fa ce  so i ls  in T a b le  3.5 sugges ts  
th a t  GN G soils  has the  g re a te s t  a f f in i ty  and TG the  lea s t .  H o w e v e r ,  in 
the  su b su r fac e  soils ,  the re  is a d e c re a s in g  o r d e r  s h o w in g  JB U >  ULL2 
> U L L  1 > GNG > TG 1. W h en  u s in g  F r e u d l i c h  i s o t h e r m s ,  the  p lots  
° f  l ° g  ^adsorbed aga ins t  log Psolution are  l in e a r  and  th e s e  are  th o u g h t  to 
in d ic a te  the h e te r o g e n e o u s  n a tu re  o f  the  a d s o r b in g  s u r f a c e  m a d e  up of 
g ro u p s  o f  d i f f e re n t  h o m o g e n e o u s  a d s o r p t iv e  s i te s  o f  d i f f e r i n g  energy
(A l lo w ay ,  1990).
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3.4.3.2 Phosphorus sorption characteristics
T a b le  3.6 exh ib i ts  some o f  the  soil p rop e r t ie s  under  study from each 
p ro f i le ,  w h ich  d esc r ibe  the P adsorp t ion  b ehav iou r  o f  the soil. These  
p r o p e r t i e s  in f lu en ce  the amount  o f  P that  can be adsorbed  by a soil 
h e n ce  P so rp t io n  m axim a,  denoted  X max can be ca lculated .  Values in 
T a b le  3.6 were  ca lcu la ted  from the l inear  p lo t  o f  the  Langm uir  
e q u a t io n  expressed  as C/x/m vs C, f rom data  ob ta ined  using 0.01 mol 
L 1 N aC l  as the su ppor t ing  matr ix .
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GNG (0-40) 4.8 65 6.90 0.60 0.90 8.05 1.05 5.8 1250 1.99 0.09
GNG (40-96) 5.6 75 1.45 0.22 0.44 8.64 0.82 <0.1 1410 0.67 0.06
JBU(0-25) 5.0 80 8.17 0.72 1.10 6.40 1.66 3.2 1360 0.55 1.59
JBU(25-100) 4.2 77 2.37 0.62 0.91 8.27 1.82 2.0 2170 0.81 6.56
ULL1 (0-25) 4.6 50 5.18 0.65 0.24 2.69 0.39 6.2 830 0.22 0.08
ULL1 (45-80) 4.8 63 0.50 0.12 0.42 3.51 1.23 <0.1 1430 0.28 0.46
ULL2 (0-10) 4.8 53 5.74 0.45 0.40 2.56 0.55 47.7 720 0.24 0.08
ULL2 (22-37) 4.4 66 2.31 0.32 0.39 4.09 0.92 3.2 1290 2.58 0.19
TG I (0-30) 3.9 5 1.67 0.07 0.00 0.12 0.00 2.3 330 0.42 0.52
T G I (30-63) 4.2 26 0.68 0.11 0.00 0.53 0.10 0.8 410 0.27 0.75
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3.4.3.2a Effect of clay content and clay mineralogy
Soils rich in Fe and A1 oxyhydroxides tend to form strong chemical 
bonds with phosphate ions (Uehara and Gil lman, 1981). P sorption 
has been described as a function of  oxyhydroxide  o f  Fe and A1 and 
aluminosilicate  minerals,  where there is l igand exchange with 
hydroxyl  groups on the clay mineral edges and the in te rac t ion  with 
adsorbed cations in the Stern and diffuse double layer (Parf i t t ,  1978; 
Uehara and Gillman, 1981; Agbenin and Tiessen, 1994).
Data in Table 3.6 show that maximum adsorpt ion  and clay content in 
surface and subsurface soils have the same ranking  in the decreasing 
order JBU>GNG>ULL1>ULL2>TG. This observa t ion  supports the 
report by Sanchez and Uehara (1980) which sta ted that  among soils of 
similar clay mineralogy, P adsorption increases with  clay content.
Soil profile  descript ions (Appendix 1) reveal  that JBU and GNG 
subsoils have very sticky textures and clay skins are common. These 
suggest that these soils are in areas exposed to condit ions  where 
considerable leaching occurs and where soils are dom inated  by 
oxyhydroxide clay fract ions.  CDB and oxa la te  Fe and A1 content
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ran k in g  ref lec t  the order  o f  Xmax values which confirms that 
oxy h y d ro x id e  clay frac t ions  could offer  large specific  area for P 
adso rp t ion  (Uehara  and Gil lman, 1981).
In order  to expla in  the m echanism of  phosphate  sorption, statist ical  
co r re la t ion  analysis  was carr ied out be tween soil propert ies  and Xmax 
(Tab le  3.7). The clay content o f  the soils was posi t ive ly  and st rongly 
co rre la ted  with Xmax. Pos i t ive  corre lat ion have been reported between 
c lay contents  and P sorp t ion  in soils (Singh and Gilkes,1991) and 
m ore  specif ica l ly  in Oxisols  and Ult isols  (Syers et al 1971; Fox, 1982; 
D odor  and Oya, 2000).  There  were strong corre la t ions between X max 
and CDB Fe and an even higher  corre lat ion with CDB Al. The high 
co rre la t io n  be tween  sorp t ion  maxima and clay ref lects  the presence of  
Fe and Al clay minerals .  These minerals  contain FeOH and/or Al-OH 
groups  which  act as b r idges  for P sorption.
A m o rp h o u s  Al was found to be responsible  for the high P adsorpt ion 
in some Braz i l ian  soils (Le Mare, 1982). Contrary  to this finding,  the 
soils  examined in this s tudy showed that  the CDB extractable  Fe and 
Al are m ore  abundant  and appear to have a notable  effect  on the P
adso rp t io n  capaci ty  o f  the soils.
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Table 3.7 Correlation coefficients (r2) between soil parameters which 
influence P sorption
pH Clay OrgC Feox A l 0 x F e C D B  A1CDB Olsen P H+ Al3+
Y
m a x





(m g  P 
/k g
pH 0.43 0.08 0.03 0.14 0.33 0.10 0.01 0.00 0.11 0.10
clay 0.12 0.35 0.66 0.73 0.75 0.00 0.11 0.10 0.74
orgC 0.69 0.39 0.09 0.09 0.15 0.02 0.01 0.00
Feox 0.57 0.28 0.32 0.03 0.02 0.13 0.20
A10I 0.67 0.82 0.00 0.10 0.22 0.58
F ®  C D B
0.60 0.04 0.15 0.15 0.71
A I c d b
0.08 0.63 0.63 0.96
Olsen P 0.04 0.02 0.41
H+ 0.42 0.10
Al3+ 0.42
Sanchez (1976) noted that although amorphous Fe and Al
oxyhydroxides fix P in soils, when a soil contains much more
crystalline Fe and A1 than amorphous forms, the former becomes 
dominant in P fixation. However, while some researchers have also 
showed that CDB A1 has high correlation with sorption indices than Fe 
oxyhydroxides (Agbenin and Tiessen, 1994), others have observed 
that Fe oxyhydroxides predicted P sorption better  (Singh et al, 1983). 
The higher sorption maximum in JBU over GNG could be due to the 
contributions by the short range order minerals  o f  Fe and Al as well as 
contributions from the exchangeable Al. Sanchez and Uehara  (1980)
suggested that 1 meq/ lOOg of soil when hydrolysed  may fix up to 102
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mg P/kg soil).  The  concentra t ions  of  oxala te  and CDB A1 in TG soils 
were  neg lig ib le .  It could be implied that P adsorpt ion by the TG soil 
is due en t i re ly  to sites  on Fe minerals  only.
It is known that  organic  molecules  could contr ibute  to the levels of  
am orphous  Fe and A1 through inhib i t ing  crystal l isa t ion of  
h y d roxyox ides  (Dodor  and Oya, 2000) and the corre lat ion between 
o rganic  carbon content  in the surface soils and oxalate Fe and A1 tends 
to support  this behaviour .  The ULL soils have an in termediate  
adsorp t ion  capaci ty  re la t ive  to JBU and TG soils,  and the data tend to 
im ply  that  adsorp t ion  sites are dominated by crystal line oxyhydroxide 
Fe and A1 minerals .
3.4.3.2b Effect of pH
pH showed a weak corre la t ion  with P adsorpt ion which could imply 
that  pH in not a very strong control l ing factor in P adsorpt ion in these 
soils  com pared  to the effect  by Fe and A1 oxyhydroxide  minerals .  
In s ig n i f ican t  co rre la t ion  between pH and P sorpt ion was also observed 
by Owusu- Bennoah  and Acquaye (1989) on some Ghanaian soils. It 
should  be noted  that  the pH range of  the soils studied was re la t ive ly
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narrow and any effect of  pH on P sorption may not be very obvious 
under the experimental conditions adopted.
3.4.3.2c Effect of organic matter
For each site, sorption maximum increases down the prof i le .  This 
could be due to three reasons:
• the increase in clay content in the lower horizons;
• the higher  levels o f  Fe and A1 oxyhydroxide  m inera ls  associated 
with the clay fractions; and
• the decrease in organic matter  content in subsurface  layers.
Observations by other researchers noted that organic  m at te r  reduces P 
adsorption. Examples of  this rela t ionship  were p rov ided  by Sanchez 
and Uehara (1980). This behaviour  has s ignif icant  im plica t ions  for 
this study which is focussing on b iosol ids  as a P fe r t i l i se r  on acid 
soils. Possible mechanisms responsible  for the reduc t ion  in P 
adsorption are that organic  anions derived from b ioso l ids  compete 
with phosphate  for adsorpt ion sites and/or,  organic  anions complex 
with Al3+, Fe2+ or Ca2+ thereby lowering  the act iv i t ies  o f  these  free 
ions in solution and increasing the act ivi ty  o f  soluble  P (Hue, 1991).
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3.4.4 Phosphate sorption maximum
The  P a d so rp t io n  iso therm s  o f  the surface  soils show trends that  could 
c la ss i fy  the  soi ls  into  three  m ajor  groups.  Group 1 consists  o f  GNG 
and JBU (X max : 1250 -  2170;  m ean=1549  mg P k g '1); Group 2 ULL1 
and UL L 2 (X max : 720 -  1430; m ean=1068 mg P k g '1) and Group 3 TG 
(X max= 3 3 4 -4 1 0  mg P k g '1).. An observa t ion  o f  the soil p roper t ies  
show s tha t  soi ls  in Group 1 have the h ighes t  clay content,  65 -  80 % 
.The c lay con ten ts  in Group 2 soils are be tw een  50 -  63% and Group 
3 f rom  5 -  26%. In addit ion ,  the contents  o f  Fe and A1 oxyhydrox ide  
m in e ra l s  are h ighes t  in Group 1 than Group 2 or Group 3. The P 
so rp t io n  m ax im u m  values  obtained  from this s tudy are s imilar  to those 
o b ta in ed  by  D odor  and Oya (2000) for some red and yellow soils o f  
Japan  w i th  s im ila r  p roper t ies  where  the X max values ranged from 630 -  
2208 m g P k g '1.
3.4.5 Effect of index ions
P so rp t io n  m ax im u m  values were also ob ta ined  from data  em ploying  
O.Olmol L _1 C aC l2 as the suppor t ing  m atr ix  and values for the top
soi ls  are show n in T ab le  3.8.
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Table 3.8 P sorption maximum values
(mean values in 0.01 mol L 1 CaCl2) (nig P kg )
Soil Topsoil
Group 1 (GNG and JBU) 11500
Group 2 (ULL1 and ULL2) 9100
Group 3 ( TG) 2800
The data in Table 3.8 show that Xmax is much h igher  when CaCl2 is 
used instead of  NaCl indicated in Table 3.6. F igu res  3.4 to 3.5 
compare the CaCl2 and NaCl derived adsorpt ion  i so therm  curves for 
representat ive  soils.
Barrow (1999) suggested that  there are p robab ly  two effects  involved. 
One is the apparent preference  of  negat ive ly  charged  sites for cations 
o f  higher valency which causes an increase in surface  charge and the 
subsequent increase in P adsorbed (Ryden and Syers,  1976). The other 
is the smaller tendency for Ca ions to re ta in  their  h y d ra t io n  shell and 
thus a larger populat ion  will res ide c loser  to the su r face  conferring 
some specifici ty. Both effects are importan t  in P adso rp t ion  (Barrow,
1999).
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Figure 3.3 . GNG (0 - 40) P adsorption isotherms
(0.01 mol L '1 CaCl2 vs 0.01 mol L'1 NaCl)
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Figure 3.4. ULL2 (0-10) P adsorption isotherms




3.4.6 Effect of Ionic Strength
The suppor t ing  m at r ix  co n cen t ra t io n  was in c re a s e d  f ro m  0.01 mol 1 
NaCl  to 0.1 mol l ' 1 NaCl  to in v es t ig a te  the e f fe c t  o f  io n ic  s t r e n g th  on 
P a d so rp t io n  and a typ ica l  set o f  resu l ts  is i l l u s t r a te d  in F ig u re  3.5. 
The  resu l ts  show there  is a s l ight  e n h a n c e m e n t  in P a d s o r p t io n  when 
the  ion ic  s t reng th  is increased .
An increase  in ion ic  s t reng th  inc reases  the  n u m b e r  o f  c o u n te r  ions  in 
th is  ins tance  N a +, c lose  to the  m in e ra l  su r face .  T h is  c h an g e s  the 
e lec t r ic  po ten t ia l  as we m ove  away f rom  the  su r f a c e  so the  po ten t ia l  
d i f f e ren c e  across  the  e lec t r ica l  doub le  laye r ,  as d e f in e d  by  the  Gouy- 
C hapm an  th eo ry  (Sec t io n  2 .1 1 .3 ) ,  is r e d u c e d  ( U e h a r a  and G i l lm an ,  
1981). W h en  th is  r eac t io n  is o c c u r r in g  on a n e g a t iv e l y  charged  
su rface  such as the soi ls  und e r  th is  s tudy ,  the  p o t e n t i a l  b e c o m e s  less 
neg a t iv e  and so rp t ion  o f  an ions  l ike  p h o s p h o r u s  in c re a s e .  The 
th ickness  o f  the d i f fuse  doub le  l ay e r  c o n t r o l s  h o w  m u c h  P was 
adsorbed  on the c lay m ine ra l  (S a m p le  et al. ,  1980) .
131




3.4 .7  M e c h a n i sm s  of ionic  m a t r ix  effects  on P a d so rp t io n
Results  obtained in this investigation confirm that, P adsorption can 
e i ther  be increased or reduced by (i) varying the nature of the cation 
in the support ing e lectrolyte  or (ii) varying the concentration of the 
e lectrolyte .  P adsorpt ion studies have been extensively researched and 
repor ted  (Curt in  et al., 1992; Barrow et al., 1980; Barrow, 1984).
Barrow (1984) repor ted  that at low pH, soils in contact  with 
suppor t ing  e lectro ly te  containing Na+ adsorbed more P than solut ion 
conta in ing  Ca2+. He also found that at high pH, P adsorption was
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greater when Ca2+ was used rather than Na+ as the suppor t ing  
electrolyte. The observat ion was expla ined in terms o f  e lec tros ta t ic  
interact ions within the diffuse double layer. The d ivalent  Ca2+ in the 
solution reduces the thickness of  the Guoy-Chapman d iffuse  double  
layer promoting greater electrostat ic  a tt raction between the P in 
solution and the adsorbing surface therefore increasing P adsorption.  
The pH values in the current  study were low, but resu l ts  obta ined  did 
not concur with Barrow (1980) but supported observat ion  by Curtin et 
al. ,(1992). Curtin et al., (1992) found that in adsorpt ion  s tudies at pH 
range 4.1 to 7.6, P adsorbed was always greater when Ca2+ was the 
cation in the supporting electrolyte than Na+. The pH values prevailing 
in this study were between 4 and 6 .
Other explanations that have been reported (Barrow et al., 1980; 
Curtin et al., 1992), for the higher P adsorpt ion in a Ca environment  
include :
(x) the formation o f  a surface complex be tween Ca and P; and
(xi) the formation of  an insoluble  p rec ip i ta te  o f  Ca and P.
The low pH values obtained in this s tudy e l im ina tes  op t ion  2 because 
the formation o f  a prec ipita te  o f  Ca and P wil l only  occur  at pH levels
133
above 6. The form at ion  of  a surface complex between Ca and P is 
suggested  as a resul t  o f  the specific aff ini ty  o f  Ca for Fe and A1 
oxyhydrox ide  surfaces which in turn provides extra sites for P 
adsorp t ion  (K inniburgh  et al., 1975; Barrow et al. ,1980). The 
contras t ing  resul ts  between GNG (0-4) and ULL2 (0-10) is mostly 
p robably  due to the presence of  high plant  avai lable P in ULL2 (0-10) 
which  acts as a buffer  to P adsoprtion. Kinniburg et al., (1975) 
repor ted  that  even at concentrations of Na that were 250 times more 
than Ca, s ignif icant  Ca adsorption was still occurring.
The adsorpt ion of  P onto a variable  charge surface causes the surface 
to respond as a variable  -po ten t ia l  surface due to inner- sphere nature 
o f  the adsorpt ion.  Inner  sphere adsorption takes place through ligand 
exchange and coordinate  covalent bonding between the cations on the 
solid phase  and the P ions in solution (He et al., 1997). The absolute 
value o f  the potent ia l  is changed with a change in ionic strength. 
W hen the soil surface is posi t ively charged , such as at low pH, there 
is a posi t ive  potent ia l  in the plane of  adsorption. An increase in ionic 
s t rength  causes a decrease in potential  in the plane of  adsorption 
hence  a decrease  in the P adsorption. This is due to the high
concen tra t ion  o f  the electrolyte  anions near the posi t ively  charged
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surface which limits surface adsorption o f  o ther  nega t ive ly  charged 
ions like P.(Barrow et al. 1980). Conversely  at high pH, the  surface 
charge is negative, the potential  in the plane o f  adsorp t ion  is negative. 
Increasing the ionic strength of  the support ing e lec tro ly te  causes the 
potential  to become less negative hence P adsorpt ion  is increased  (He 
et al. ,1997)
The observed effect o f  increasing ionic strength in this s tudy is 
probably marginal where there seemed to be an observed increase  in P 
adsorbed with increased ionic strength. The absence o f  any large 
difference in P adsorption behaviour in the 0.01 mol L-1 and 0.1 mol 
L"1 NaCl (Fig 3.5) seems to suggest that the pH was at or near  the 
Point  o f  Zero Net Charge (PZNC). Around the PZNC, P adsorpt ion  is 
not affected by increased ionic strength. Studies have shown that  
most soils have PZNC within the pH range 4 - 5  (Barrow et al., 1980) 
which was similar to pH values observed in this study.
I f  there was indeed a difference in P adsorbed at 0.01 mol L"1 and 0.1 
mol L NaCl then it was due to pH which could be h igh  enough  to 
cause the potential  in the plane o f  adsorp t ion  to be negat ive .
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I n c r e a s in g  the  ion ic  s t ren g th  wil l  d r ive  the  p o ten t ia l  to be m ore  
n e g a t iv e  h e n ce  P a d so rp t io n  is increased .
3.6 P h osp h oru s  R equirem ents  of the I l lawarra-  
S h o a lh a v en  soils
P a d so rp t io n  i so th e rm s  have  been  used to quan t i fy  the  f e r t i l i se r  P 
r e c o m m e n d a t io n s  for  a soil.  The  amount  added is de f ined  as that  
w h ic h  o b ta in  the  c o n ce n t ra t io n  in the soil so lu t ion  p roduc ing  95% o f  
the  m a x im u m  y ie ld  (Fox  et al. , 1974). D i f fe re n t  crops requ ire  
d i f f e r e n t  am o u n ts  in soil so lu t ion  for op t im um  grow th  and this  amount  
d i f f e r s  at d i f f e r e n t  s tages o f  g row th  in any one crop.  Va lues  for some 
c ro p s  are  show n in T ab le  3.10. T he  concen tra t io n  0.2 mg P/L has 
b e e n  r e p o r t e d  to be the  amount  tha t  is su f f ic ien t  for  the  P req u i re m e n t  
o f  m a n y  c rops  (Fox  and K am pra th ,  1970; Uehara  and G i l lm an ,  1981; 
D o d o r  and Oya, 2000) .  This  thes is  is r e sea rch in g  the  op t im u m  levels  
o f  P su i tab le  fo r  g ro w in g  suga rcane  on soils s im ila r  to those  in this
s tudy .
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Table 3.9 P in solution required to produce 95% maximum yield in various 
crops
(Sanchez and Uehara, 1980)
Crop Growth
stage
Soils P requirement 
(mg/L)
Maize Early Ustox, Hydrandept 0.20
Maturity Ustox, Hydrandept 0.06
Sorghum Maturity Hydrandept 0.05
Millet Early Ultisols 0.20
Early Oxisols 0.06
Early Hydrandepts 0 .02-0.06
Rice (flooded) Early Vertisols 0.10
Rice (upland) Maturity Oxisol <0.10
Hydrandept 0.06
Eutrostox 0.06
Sugarcane belongs to the same family as corn, sorghum, mil le t  and 
rice therefore it could be inferred that their P requirem ents  in solution 
will be similar. The value 0.06 mg P/L could be used to approximate 
soil solution P concentration for sugarcane grown on soils s imilar  to 
the I l lawarra-Shoalhaven soils.  From the graphs o f  P adsorbed versus 
Equil ibrium concentration using O.Olmol/L CaCl2 support ing  
electrolyte, the amount of P adsorbed corresponding  to 0.06 mg/L 
were estimated in mgP / g soil then converted to kg P / kg soil which 
are shown in column 2 of Table  3.10. Using values in co lumn 2, a soil
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depth  o f  15 cm and a density of  1 g cm'3 gives rates of  P required per 
hectare  which are shown in column 3 of Table 3.10. The mean value 
o f  1209 kg P/ha would be considered high (Dodor and Oya, 2000).
Table 3.10 Calculated P application rate for sugarcane grown on the soils 
studied in this project
(based on 0.06 mg P/ L soil solution concentration)
Soil P adsorbed Rate







The results  o f  this study revealed that P sorption capacity of most 
soils o f  the I l lawarra-Shoalhaven region were generally high, only the 
TG soil was low. P adsorption behaviour of the soils is related to 
several  soil propert ies  and those that have signif icant influence on
high adsorpt ion include clay content, CDB Fe and A1 and oxalate Al.
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O rg a n ic  m a t te r  show ed  an in v e rse  r e l a t i o n s h i p  w i th  P a d s o r p t io n  
w h ich  shou ld  be a d v a n ta g e o u s  i f  the  i n t e n t io n  is th e r e  to u se  b io s o l id s  
as a P f e r t i l i s e r  on s im i la r  soils .  T h e  P f e r t i l i s e r  r e q u i r e m e n t  fo r  
these  so i ls  to enab le  su g a rca n e  g ro w th  w o u ld  be  h ig h .
The  re su l t s  o b ta in e d  f rom  these  a d so rp t io n  s tu d ie s  h a v e  a s t ro n g  
b e a r in g  on P r e a c t io n s  in b io so l id s  a m e n d e d  so i l .  I n f o r m a t i o n  on 
p a ra m e te r s  tha t  c o n t ro l  P a d so rp t io n  in the  so i l s  su ch  as o u t l i n e d  
above  wil l  be r e v i e w e d  la te r  (C h a p te r  5) to a s c e r t a in  h o w  m u c h  they  
in f lu e n c e  the  P r e a c t io n s  and t r a n s f o r m a t io n s  in the  a m e n d e d  soil .  
W h en  b io so l id s  are  added  to soi ls ,  soil  so lu t io n  P c o n te n t  w i l l  be  
a f fec ted  w ith  e i th e r  an in c re ase  or d e c re a se  d e p e n d i n g  on the  s o lu t io n  
p a ra m e te r s  o f  t r a n s f o r m a t i o n  o f  b io s o l id s  and  soi l  c o m p o n e n t s .  
B io so l id s  h ave  h ig h  o rg an ic  m a t t e r  c o n te n t  w h i c h  h a v e  b e e n  r e p o r t e d  
to cause  a r e d u c t io n  in P a d so rp t io n  (H u e ,  1991) .  T h is  c o u ld  im p ly  
h ig h e r  co n ten ts  o f  R e s in  and lab i le  P f r a c t i o n s  b u t  the  h ig h  
c o n c e n t r a t io n  o f  m a jo r  ca t io n s  l ike  Ca c o u ld  r e m o v e  s o l u t io n  P
th ro u g h  p re c ip i t a t io n .
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Chapter 4.
Soil Solution Composition of Soils Incubated with Biosolids 
and its effect on solution P
4.1 Introduction
When biosolids and industrial  wastes are applied to soils, various 
components  of  the added materials are subjected to a variety of 
b iological ,  physical  and chemical processes. In most wastes, the main 
processes o f  interest  are decomposition of organic compounds, 
t ransformation  of  N, P and S compounds, and solubility of heavy 
metals,  e.g., Cd, Cu, Ni, Pb, Zn (Sommers et al., 1979).
Organic  matter,  both soluble and insoluble, chelates metals by 
exchange and chemisorption reactions to form very stable complexes. 
Chela tion is pH dependent because of competi tion from H+ at low pH 
values. This process has been shown to contribute to the mobili ty of 
some metals and polycyclic  aromatic hydrocarbons in sandy soil 
mater ia ls  (Han and Thompson,  1999). The solubility of organic matter 
is also o f  interest because of  its effect on other fundamental soil
processes ,  for example, the translocation of  dissolved organic matter
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has been linked to the movement o f  N and P in surface soi ls  (Qualls
and Haines, 1991).
Inorganic orthophosphate  is considered the most  im por tan t  form of 
b ioavailable  P in soil solution, but it is not necessar i ly  the only major 
P fraction in soil solution. Certain soluble organic  P com pounds  may 
act as sources of  plant available P (Wild and Oke, 1966). Biosol ids 
contain organic P which could be plant available,  p a r t icu la r ly  in 
si tuations where P availabili ty l imits  plant  growth;  this could be of 
considerable  importance in highly weathered tropical  soils.
Soils generally display a strong aff ini ty  for P which  resu l ts  in the 
maintenance of  low concentrat ions in soil solut ions .  Phosphorus 
fer t i lisa t ion can markedly affect soil so lut ion P concen tra t ions  by 
influencing competi t ion for adsorpt ion sites be tw een  organic  P 
compounds and or thophosphate  (Ron Vaz et al., 1993). Crop residues 
added to calcareous soils have been repor ted  to increase  the  soluble 
organic P fraction and increase leaching  (Hannapel  et al., 1964).
For several decades, studies on nu tr ien t  concen tra t ions  have  been 
carried out using soil solution as an ind ica to r  o f  soil fe r t i l i ty  in
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a g r i c u l tu r e  and fo re s t ry  (S m e th u rs t  et al., 2001) .  This  in te res t  is in 
l ine  w i th  the  co n cep t  o f  the  soil so lu t ion  as the m ost  app ropr ia te  
e x p re s s io n  o f  the  soil  e n v iro n m en t  tha t  im m e d ia te ly  governs  p lan t  
r e s p o n se  (R u sse l l ,  1973).  R esearche rs  have,  how ever ,  been  faced  with  
the  p ro b le m  o f  soil so lu t io n  as a concept .  Two reasons  are : (i) the 
m e a s u r e m e n t  o f  soil  so lu t io n  chem ical  co m p o s i t io n  in situ is not  
p o ss ib le ,  and (i i)  soil  so lu t ion  com pos i t ion  varies  with soil m o is tu re  
co n te n t  e sp e c ia l ly  in w eak ly  b u f fe red  soils (Wolt ,  1994). 
C o n se q u e n t ly ,  soil  so lu t ion  is of ten  o p e ra t io n a l ly  def ined  by the 
p a r t i c u l a r  m e th o d  w h ereb y  it  is ob ta ined .  This  poses  a p rob lem  
b e ca u se ,  w ha t  m an y  have  termed soil  solu t ion ,  may bear  l i t t le  
r e s e m b la n c e  to t rue  soil so lu t ion  as it occurs  in na tura l  soil. In this  
p ro je c t ,  an i n te rn a t io n a l ly  accepted  p ro ce d u re  has been  adopted  for 
use  in o b ta in in g  and ana lys ing  soil so lu t ion  (G il lm an ,  1976).
In o rd e r  to s tudy  the  e ffect  o f  the addi t ion  o f  b ioso l ids  on soil 
so lu t io n  c o m p o s i t io n  and soil so lu t ion  P o f  acid soils,  a set o f  
e x p e r im e n t s  was e s tab l ished  in which  th ree  acid soils were  incuba ted  
w i th  b io s o l id s  at 25°C for  90 days. Soil  so lu t ions  were  then
p e r io d i c a l ly  e x t ra c te d  and analysed  for tota l  e lem ent  com pos i t ion .
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The application rates of  biosolids employed in these exper iments  were 
calculated on the basis of P, in the same order o f  m agni tude  as those 
recommended by Fiji Sugar Corporation(FSC) for the cane farmers in 
Fiji  (personal comm., FSC) . Also, accounted for in the calculation 
was the total P content of  the biosolids, which was 0.7% for the 
Murray Bridge sample.
4.2 Materials and Methods
4.2.1 Soil
Detailed classificat ions and selected propert ies o f  the soils used in 
this study are outlined in Sections 3.1 and 3.4. From P adsorption 
isotherms studies, the three soils, GNG (0 -4 0 ) ,G NG  (4 0 -9 6 ) ,U L L  2 (0 -10 ) 
were identified based on the Kd values, % organic carbon and Fe and 
A1 contents. For all the experimental work in this study, air-dried 
soils < 2mm were used.
4.2.2 Biosolids (BS)
Wastewaters from the city o f  Murray Bridge (South  Austra l ia )  are 
treated using four Imhoff  tanks operated in paral le l ,  a b io log ica l  filter, 
a humus tank and two lagoons operated in series . (A schematic
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d ia g ra m  o f  the  t r ea tm e n t  p ro cess  is inc luded  in A p pend ix  2). 
B io so l id s  f rom  the I m o f f  tanks  are  w i th d raw n  as requ i red  to a series 
o f  sm all  d ry in g  pans.
F o r  th is  e x p e r im e n t ,  one week  old b ioso l id s  were co l lec ted  from the 
pans ,  a i r -d r i e d  and g round  to pass  th rough  a mesh  0.5 mm.
4.2.2.1 Incubation
The  b io s o l id  am ended  soils were  incuba ted  at field m o is tu re  capaci ty  
d e te r m in e d  at 33kPa  tens ion  in the  labo ra to ry  using p ressu re  plates .  
T r ip l i c a t e  soil sam ples  (80g;  <2 mm),  were  combined  tho ro u g h ly  with 
b io s o l id s  at ra tes  rep re se n t in g  70, 140, 210 kg P / ha and p laced  in 1 
L g lass  j a r s  as in cu b a t in g  vesse ls .  The b ioso l ids  t rea ted  soil were 
m o is t e n e d  ca re fu l ly  to 100% water  ho ld ing  capaci ty .  Jars were  well  
se a le d  and in cu b a te d  in da rkness  at 25°C in ba tches  which  w ere  set up 
for  s a m p l in g  on Days 0, 10, 20, 30, 60, 90. On Days 3, 6, 10, 15, 
2 0 ,3 0 ,  60, 75, 90, the  days for NaOH bo t t le  renew al ,  all incuba t ion  
j a r s  w e re  o p e n ed  and recapped  to al low aera t ion  and avoid  anaerobic
c o n d i t i o n s
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4.2.2.2 Organic matter mineralisation
Organic matter  mineral isa t ion by m icroorgan ism s was m oni to red  in 
the incubated samples through evolut ion o f  carbon d iox ide  from 
respira t ion. Plast ic  sample bottles (30 mL) conta in ing  NaOH solution 
(20 cm3; 0.5 mol L '1) were placed in the incuba t ion  ja r s  which were 
then immediate ly  capped. Blank measurements  were set up by placing 
NaOH bottles in jars  without soil. The NaOH bot t les  were replaced 
periodica l ly  with new ones on Day 3, 6, 10, 15, 20, 30, 60. NaOH 
removed from the jars  was tit rated with HC1 (0.3 mol L '1) to determine 
the amount o f  C 0 2 evolved.
4.2.2.3 Microbial  biomass
Microbial biomass has been defined as the par t  o f  organic  mat ter  in 
soil that const itutes l iving microorganism s sm aller  than 5 - 1 0pm 
(Jenkinson and Ladd(1981). The interest  in e s t im at ing  soil microbial  
biomass in this study is related to its role  in d ecom pos i t ion  and the 
subsequent delivery o f  nutrients . Microbia l  b iom ass  was determined 
as biomass carbon from chloroform fum iga t ion  o f  soil  which  ki l ls  and 
lyses microbia l  cells with release  o f  cy top lasm  into the  soil
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env ironm ent  thus the cell materia l  can be extracted as dissolved 
o rgan ic  carbon.
Fum iga t ion  and extract ion  o f  microbia l  biomass carbon was carried 
out us ing chloroform  and K2P 0 4 respect ively(Vance et al 1987). Moist 
soils  (20 g) were spl it  into two samples (each 10 g). The unfumigated 
contro l  was placed in a 100 mL bottle, then extracted with K2S 0 4 (50 
mL, 0.5 mol L '1) for 1 hr on a shaker and fi ltered through a paper 
f i l te r  (Whatman 42). Fumigat ion  was carried out on a duplicate 10 g 
sample  placed in a glass bottle  and incubated for 7 days in a 
des icca to r  which had been evacuated with CHC13. Following 
fum iga t ion ,  the sample  was extracted with K2S 0 4 as for unfumigated 
samples.  The f i l t rates  were analysed for total carbon and inorganic 
carbon  using a DOHRMANN DC- 180 Dissolved Organic  Carbon 
ana lyse r  (DOC).  The difference  was calculated as dissolved organic 
carbon.
4.2.2.3 Soil solution extraction
Soil  solut ions were obtained  using a modif ica t ion  o f  the centr ifuge 
m e th o d  o f  Gil lman (1976). Moist  (see section 4.2 .2 .1)  incubated soil
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(80 g) was packed into 50 mL syr inges  and w e t te d  w i th  5 m L  d is t i l led  
water .  The  wet soil was a l lowed to sit for  an hour  then  c e n t r i fu g e d  at 
3500 rpm for 1 hr. A pprox im ate ly  1- 2mL soil so lu t io n s  were 
ex trac ted  and because  about  1.5 mL was needed  for e le m e n t  analysis ,  
there  was very l i t t le  so lut ion lef t  for pH m e a su re m e n t  so it was 
decided  to m easure  pH using ind ica to r  s t r ips  (n a r ro w  ran g e  pH 1 -  
14). The e lements  Al, Ca, Cu, Mg, Fe, Na, K, P, S, Zn were 
de te rm ined  on an ICP/AE Sp ec t ro p h o to m e te r .  Fo r  all  r esu l ts ,  the 
averages  o f  three  rep l ica tes  are repor ted .
4.3 Results and Discussion
Concen tra t ions  o f  the e lements  that  were  d e te rm in e d  and had  va lues  
above the de tec t ion  l imits  are p resen ted  in th is  thes is  . In g en e ra l ,  the 
graphs show that  add it ion  o f  b ioso l id s  in c reased  the  c o n c e n t r a t io n s  of  
e lements  in the soil so lu t ions  in all th ree  soi ls  (F ig u re s  4 . l a - 4 . l v ) .
The increases re f lec t  the amounts  o f  b io so l id s  a p p l ied  w h e re  lo w es t  
levels  were de te rm ined  in t rea tm en t  1 (t 1) and the h ig h e s t  in  t rea tm e n t  
3(t3) . H ighest  so lu t ion  co n cen tra t io n s  for  all  e le m e n ts  w ere  
de te rm ined  in (ULL 2, 0-10) and the lo w es t  in (G N G  40 -  96).
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T here  was l i t t le  v a r ia t ion  in the pH values o f  the soil so lutions of  all 
th ree  soils th ro u g h o u t  the incubation period,  an observat ion also 
repor ted  by Stacey et al. (2001).  The range o f  pH values o f  the soil 
so lu t ions  is shown in table  4.1 and the pH values o f  the soil in water 
and 1M KC1 are also included.
Table 4.1 pH values for soil solution and soil pH in H20  and KC1
4.3.1 Soil solution pH
(GNG 0-40) (GNG 40-96) (ULL2 0-10)
Soil solution pH 4.0 to 4.5 4.3 to 5.0 3.5 to 4.5
Soil pH H 20 5.6 5.8 5.6
Soil pH KC1 
(1 mol L'1)
4.8 5.6 4.8
The pH values  o f  the soil solution are all lower than the pH values o f  
the  soil m easu red  in water  and KC1, even for the untrea ted  soil. Low 
pH values are u sua l ly  associated with Al in soil solut ion but 
con cen tra t io n s  o f  Al in nearly  all the soil solu t ions  measured in this 
s tudy were  be low  de tec t ion  levels (0.004 mg/L).  Total  Al levels in 
the  soils were  s ign i f ican t  (Table 4.3) and it had been establ ished in 
(T ab le  3.2) that  these  soils conta in  ex tractable  Al. M c B r i d e ( l 994)
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described soil part icle surface acidity which could account  for the 
decreasing pH in the soil solutions.
(a) Biosolids contain low molecular  weight organic  acids which could 
complex with soluble A1 (Hue, 1995) re leas ing acidity  by hydrolysis .
R, R.
a i 3+ + h 2o = A 1 0 H 2+ + H+
R R
(b) Organic acids can release acidity by dissociat ion:
RCOOH = RCOO' + H+
(c) At low pH, a nonexchangeable  form o f  ac idity  can form on 
surfaces of  variable  charge minerals  such as A1 and Fe oxyhydroxides .
Fe -  OH2] +1/2 = Fe -  OH] ~1/2 + H
A1 -  OH2] +1/2 = A1 -  OH] - 1/2 + H +
(d) Biosolids contain considerable  quanti t ies  o f  o rgan ic  nitrogen 
(Sommers et al. ,1976, Epstein et al., 1976, Soon et al.,  1978, Hue et
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al.,  1988) w hich  can be t rans fo rm ed  to N H 3 and N H 4+ through 
m ic ro b io l  m ine ra l i sa t ion .  The n i t r i f ica t ion  o f  NH 4+ can generate  
ac id i ty  as fol lows:
N H 4+ + 2 0 2 --------------- ► N 0 3- + 2H+ + H20
O bserv a t io n s  by Fine et al., (1989) also reported a decrease in pH of 
soil  so lu t ion  which  rem ained  low during 90 days incubation o f  soil 
and b ioso l ids .  The soil solut ion element  composit ion in this s tudy is 
dom in a ted  by Ca2+ and it would be expected that  pH values would be 
e levated .  Carbonate  prec ip i ta t ion  fo l lowing the release of  Ca2+ and 
p o ss ib ly  M g2+ by exchange with N H 4+ can control the rise in pH. The 
low pH in the soil solut ions th roughout  the incubation also tends to 
sugges t  tha t  the soil mixtures  are h ighly  buffered towards changes in 
pH.
Table 4.2 Total chemical analysis of the biosolid (BS) and the three soils 
used in the study (mg/kg)
PH Al Ca Cd Cr Cu F e K M g M n N a P Pb s Z n
KCI
BS 6.9 6939 28307 2 42 888 8324 2410 3764 142 3888 7455 127 7438 1318
X 4.8 63469 2662 <1 32 41 66800 2716 1923 579 817 1196 27 503 44
Y 5.6 59025 741 n a n a 143 n a 609 1197 418 314 551 n a 281 39
Z 4.8 63368 2890 <1 27 56 56200 2771 1968 577 871 1243 36 603 62
Notes
1. na = no data available
2 .  X -  GNG (0-40) Y -  GNG (40-96) Z -  ULL2 (0-10)
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The con cen tra t io n s  o f  the m a jo r  ca t ions  in the  th ree  so i l s  are  show n  in 
F igu re s  4 .1a  to 4.1v.  The  ionic  s t reng ths  o f  the  s o lu t io n s  on the 
sam p l in g  days are  d raw n on F igu res  4 .1g ,  4 . I n  and 4 .1 v  fo r  GNG(0-  
4 0 ) ,G N G (4 0 -9 6 )  and U L L 2 ( 0 - 1 0 )  re sp ec t iv e ly .  T h e s e  w ere  ca lcu la ted  
f rom  the c o n ce n tra t io n s  o f  Ca, Mg, K, Na,  S 0 4, Cl and H C 0 3 u s in g  the 
D av ies  equa t ion ,  I = 0.5XC/Z,-2 , w here  C, and Z, are  the  c o n c e n t r a t io n
and va lence  o f  the zth com ponen t .  The  S d e te r m in e d  in  the  so lu t ions  
was a ssum ed  to be S 0 4. The  Cl and H C 0 3 w ere  e s t im a te d  f rom  the 
d i f f e r e n c e  in the  sum o f  ca t ions  and S 0 4.
For  GNG (0- 40), the soil so lu t io n  c o m p o s i t io n  w as  d o m in a t e d  by  Na. 
The  o rder  o f  c o n ce n t ra t io n  o f  the  m a jo r  c a t io n s  in G N G (0 -  40) 
th ro u g h o u t  the in cu b a t io n  p e r io d  sho w ed  N a  > Ca > M g > K. 
C o n cen t ra t io n s  o f  ca t ions  show ed  s teady  in c re a s e s  in  the  f i r s t  10 days 
o f  in cu b a t io n  in all t r e a tm e n ts  r e a c h in g  a p e a k  b e tw e e n  D a y  10 and
4.3.2 Soil solution concentration of the m ajor cations
Day 30.
Table 4.3 Soil solution pH and ionic strength over the incubation period
GNG GNG ULL2










to 0 4.5 0.006 4.5 0.002 4.3 0.039
t l 0 4.3 0.012 4.3 0.004 4.3 0.043
t2 0 4.3 0.014 4.3 0.002 4.0 0.083
t3 0 4.3 0.015 4.3 0.009 4.0 0.101
to 10 4.5 0.033 5.0 0.005 4.3 0.070
t l 10 4.5 0.035 4.5 0.010 4.3 0.099
t2 10 4.5 0.034 5.0 0.013 4.3 0.124
t3 10 4.3 0.037 4.5 0.014 4.3 0.124
to 20 4.5 0.046 5.0 0.005 4.3 0.087
t l 20 4.5 0.054 5.0 0.013 4.3 0.115
t2 20 4.5 0.056 4.5 0.021 4.0 0.134
t3 20 4.5 0.044 4.5 0.032 4.0 0.138
to 30 4.5 0.047 5.0 0.006 4.3 0.091
t l 30 4.3 0.064 4.5 0.014 4.3 0.102
t2 30 4.4 0.085 4.5 0.022 4.3 0.134
t3 30 4.0 0.107 4.5 0.028 4.3 0.151
to 60 4.5 0.057 4.7 0.010 4.5 0.148
t l 60 4.3 0.065 4.5 0.022 4.0 0.194
t2 60 4.3 0.060 4.5 0.031 4.0 0.230
t3 60 4.3 0.066 4.5 0.042 4.0 0.219
to 90 4.5 0.041 5.0 0.005 4.3 0.145
t l 90 4.3 0.063 4.5 0.010 3.5 0.191
t2 90 - 4.0 0.081 4.5 0.019 3.5 0.219
t3 90 4.0 0.123 4.3 0.031 3.5 0.248
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Figure 4.1a. GNG (O- 40)- Calcium trends.
Ca cone in soil solution 





2 0  3 0  4 0  5 0  6 0
D ay s  of in cu bation
100
■ tO — - » -------11 —  -A  —  - t 2 --------1 3
Figure 4.1b. GNG (0- 40) - Potassium trends
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Figure 4.1c. GNG (0- 40) - M agnesium  trends.
Mg cone in soil solution
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Figure 4.1 d. GNG (0- 40) - Sodium trends
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Figure 4.1e. GNG (O- 40) - Sulphur trends
S cone in soil solution 
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Figure 4.If. GNG (0- 40) - Zn trend
Zn cone in soil solution 
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Figure 4.1g. GNG (0- 40) - Ionic Strength
Io n ic  S tre n g th  
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GRAPHS FOR GNG (40 -  96)
Figure 4.1h. GNG (40 -  96) - Calcium trends
Figure 4.1i. GNG (40 -  96) - Potassium trends.
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Figure 4.1 j. GNG (40 -  96) - M agnesium trends
Mg cone in soil solution
(m g /L )
Figure 4.1k. GNG (40 -  96) -Sodium trends
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Figure 4.11. GNG (40 -  96) - Sulphur trends
S cone in soil solution
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Figure 4.1m. GNG (40 -  96) - Zinc trends
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Figure 4.1n. G NG (40 -  96) - Ionic Strength
Ionic S trength
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GRAPHS FOR ULL2 (0-10)
Figure 4.1o. ULL2 (0-10) -Calcium trends.
C a cone in soil solution
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Figure 4.1p. ULL2 (0-10) - Potassium trends
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Figure 4.1q. ULL2 (0-10) - M agnesium  trends
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Figure 4.1s. ULL2 (0-10) - Phosphorus trends
P cone in soil solution
(m g /L )
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Figure 4.It.  ULL2 (0-10) - Sulphur trends
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Figure 4.1u. ULL2 (0-10) - Zinc trends
Zn cone in soil solution 
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Figure 4.1v ULL2 (0-10) - Ionic Strength
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The concentra tions of all major  cat ions in the  un t rea ted  soil (tO) and 
t l  do not show much varia t ion after Day 20. Ca and Mg va lues  for t2 
and t3 appeared to reach a minimum on Day 60 then  showed an 
increase to Day 90. On the other  hand, Na and K appea red  to reach a 
steady level from Day 20 after an init ial  increase  in all t reatments 
except  t3.
For GNG(40 - 96), the soil solution concentra t ions  o f  Ca, Mg, Na and 
K fol lowed similar  trends to GNG (0- 40) where  increases  were 
observed to peak on Day 20 before  a s l ight  decrease  to D30. 
Concentrat ions were in the order Na > Ca > Mg > K. T here  appeared 
to be increases on Day 60 for all the cations be fo re  decreas ing  towards 
Day 90. The concentra tions o f  the major  cat ions in GNG (40-96)  were 
less than in GNG (0- 40) i .e.,  Ca values were be tw een  2 to 30 times 
less; Mg 3 to 8 times, Na by 3 t imes and K be tw een  16 to 40 times 
less.
For U L L 2(0-10), concentra tions  o f  all e lem ents  in the  soil  solution 
increased steadily from Day 0 to a m ax im um  on Day 20. W hile  Na 
and K appeared to reach a steady state after  Day 20, Ca and Mg
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show ed ano ther  increase  to Day 60 before  concentra tions stabil ised.  
C oncen t ra t ions  o f  Ca, Mg and K in ULL2 were greater  compared to 
GN G(40 - 96) by factors  be tween 10 and 90. Na levels were similar. 
The order  o f  cat ion concentra t ions  in ULL2 solution was different  to 
GNG (0- 40) and GNG (40 -  96). In the first 30 days the order was: 
Ca > K > Mg > Na which changed after Day 30 to Ca > Mg > K > Na.
Soil so lu t ion  concentra t ions  of  ions have been recorded in a range of 
A us t ra l ian  soils (Gil lman and Bell,  1978; Menzies et al., 1994; Hailes 
et al. , 1997). G il lman and Bell (1978) found that the relative 
concen tra t ions  o f  tropical  soils are generally:  Na > K = Mg > Ca, and 
that  average  concentra t ions  for a number of  weathered soils from 
t rop ica l  north  Queensland were Ca 9.6 mg L '1, Mg 8.2 mg L '1, K 12.1 
mg L '1 and Na 14.5 mg L '1. In the present  study, GNG (0- 40) solution 
concen tra t ions  for the untreated soil on Day 0 compared well with 
l i te ra tu re  values.  GNG (40 -  96) values for tO on Day 0 compared well 
w i th  data  ob ta ined  from subsoils  used in the study by Gil lman and 
Bell  (1978) while  U LL2(0-10)  concentra t ions were much higher .
Soil so lu t ion  concentra t ions  of  cat ions are inf luenced by the extent of 
the  exchangeab le  p ropor t ion  o f  the cat ions on the cat ion exchange
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sites of  the soils as well as other  factors that  a ffect  the i r  re lease  from 
the exchange sites and mineral  weathering.  C o n cen t ra t io n s  o f  cations 
in solutions may bear no re la t ionsh ip  to re la t ive  amounts  of 
exchangeable  cations (Bruce, 1999), but the exchange  complex  is 
usual ly  the principal  source o f  soluble cations. Fac to rs  that  affect  the 
release  of  cations into solution include the na ture  o f  the  exchange 
complex,  the degree o f  saturation and the type  and p ropor t ion  of 
complementary  ions.
The higher levels o f  Na in soil solut ions o f  GNG(0-  40) and GNG(40- 
96) compared to the other cat ions could be exp la ined  in terms of 
b iosol ids  content and the valence effect.  The  b ioso l id s  used in the 
study were mainly from domestic  sources so it wil l  be expec ted  that 
most  Na compounds are soluble under  the exper im en ta l  condit ions 
used. Na concentra tions in the b ioso l ids  were qui te  s ign i f ican t  (Table 
4.2) therefore  addit ion of  b iosol ids  will increase  Na concen tra t ions  in 
solution in excess o f  the exchangeable  pool. The  h igh  Na 
concentrat ion also implies the re la t ive  a ff in i t ies  o f  the  exchange  sites 
on the soil surface for the divalent  cat ions Ca and Mg. C om pared  with 
Ca , Na is more highly hydrated  and the re fo re  he ld  w eak ly  by clay 
surfaces (Rengasamy and Churchman,  1999).
167
A d d i t io n  o f  organ ic  matter ,  like biosolids ,  to a soil dominated by Fe 
and A1 oxyhydrox ides  (var iable  charge soils) increases the surface 
charge  and cat ion exchange capacity,  and lowers the mineral  surface 
po ten t ia l .  N egat ive ly  charged sites on mineral  surface prefer  cations 
with  a h igher  va lence  which are held close to the surface (Uehara and 
Gil lman,  1981, Barrow, 1999) hence monovalent  cations like Na and K 
rem ain  more easi ly in solution.
For GNG (0- 40),  the increase in concentrat ions of  the major cations 
in the t rea ted  soil solut ions were notable  only in t2 and t3 when 
com pared  with tO. These increases were accentuated more in the 
d iva len t  cations.  The ratio o f  biosolids : soil were 1 : 200, 1 : 100 
and 1 : 67 in t l ,  t2 and t3 respect ive ly  which suggests that  i f  addition 
o f  b ioso l ids  were  to make signif icant contr ibutions to soil solution 
concen tra t ions  o f  Ca, Mg, K and Na in these soils,  given similar 
ca t ion  contents  in the biosolids ,  the rate  o f  applicat ion has to be 
g rea te r  than a ratio o f  1:200 (biosolids : soil). The trend shown by the 
ca t ions  ref lec t  the behav iour  o f  m ic ro -organ ism s.  Microorganisms 
effec t  m ine ra l i sa t ion  of  b iosol ids  organic  matter  and release  ions into 
the  soil so lu t ion  (McBride,  1995). In addit ion,  Agassi  et al.( 1998)
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reported that concentra tions of  chemical  cons t i tuen ts  in the leachates 
o f  disturbed soil layer mulched with b ioso l ids  depended  on 
dissolut ion- precipita t ion,  exchange and m inera l i sa t ion .  Fine and 
Mingelgrin (1996) demonstrated that the in it ia l  h igh concen tra t ion  of  
Ca and S 0 4 were due to dissolution of  gypsum and desopt ion  o f  Ca in 
exchange for surplus NH 4.
The soil respira t ion data below (Figures 4.2a to 4 .2c) show that  carbon 
dioxide levels increased steadily during the f irst two weeks and 
reached a maximum on Day 20. The decrease after  Day 20 continued 
gradually,  but respira t ion appeared to be still  occurr ing  on Day 90. 
The trends shown by C 0 2 product ion  are ref lec ted  in the 
concentrations of  the cations in solution.
These results suggest that when biosol ids  are added to the soil,  certain 
processes are occurring. Firstly, organic m at te r  m in e ra l i sa t io n  causes 
the release of  ions, which are part  o f  o rganic  mat ter ,  into the soil 
solution. The concentra tions of  the ions increase  as m ine ra l i sa t ion  
progresses. Secondly, due to the absence o f  p lan t  uptake ,  ions in 
solution resorb or get bound on colloidal  surfaces.  In the  f i rs t  20 days, 
because o f  the increase in ion concentra t ion  in so lu t ion ,  it  seems that
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the  ra te  o f  ion re lease  was g rea te r  than  the rate  o f  ion b inding.  After  
D ay  20, w hen  m ic ro o rg a n i sm s  die o f f  ( refe r  to sect ion  4.3.5 later)  and 
lab i le  m a te r ia l  d i sappea rs ,  ion b ind ing  becom es  more  dominant  
l e a d in g  to a dec l ine  in soil so lu t ion  concen tra t ion .  V ar ia t ion  in C 0 2 
leve l  is m os t  l ike ly  con tro l led  by both  resp i ra t ion  o f  m ic roorgan ism s  
and d i s so lu t io n  o f  ca rb o n a te  m ater ia ls  in the acid medium where  the 
l a t t e r  was r e sp o n s ib le  for  the C 0 2 observed  towards  the 90th day.




Figure 4.2b. GNG(40 -  96) C 0 2 production during incubation
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The t rend shown by soil solution GNG(40- 96) is similar to GNG(0- 
40) soil so lu t ion  in the f irst 30 days of  incubation.  Since GNG(40-96) 
has very low organic  carbon content (1.5 %) implying low organic 
mat ter ,  and low TEBs, it could be implied that  the increased cation 
concen tra t ions  are due enti rely on mineral isa t ion  of  the biosolids 
organ ic  matter .  However ,  the increased concentrat ions to D60 seem to 
suggest  o ther  m echanism s were promoting cation solubili ty. Apart 
from addit ions from external  sources, e.g., fer t i lisers or rainfall,  
nu t r ien ts  in soil so lut ion are replenished by: (i) exchange from a labile 
solid phase;  (ii) m inera l isa t ion  from organic forms; or (iii) dissolution 
o f  m inera ls  (Smethurs t ,  2000). Studies have shown that aggregates 
are b roken  when a soil is incubated (Skinner,  1979) and that substrates 
w i th in  aggregates  are util ised by microorganisms (Adu and Oades, 
1978). It is most  l ikely that dissolut ion of  soil minerals  was 
respons ib le  for the increased cation concentrat ion after D30 in 
G N G (40-96)
ULL2 (0-10) appeared to behave d ifferent ly  to GNG (0- 40) and 
G N G (40-96) .  The h igher  concentrat ion o f  K in the soil solution of  
ULL2 (0-10) f rom Day 0 to Day 30 could be the consequence of  the 
h is to ry  o f  the soil. This  soil was collected from a paddock which had
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received fertilisation from inorganic fer t i l iser  as well as additions 
from livestock. This has been confirmed by the high level o f  Olsen P 
(Section 3.5.2.1). Additions of  biosolids to the soil increase  the level 
of  soil P and like other inorganic ligands, the presence  of  phosphate 
modify the metal-soi l reaction (Harter and Naidu, 2001).  P 
fer t i lisa t ion lowers pH0, which is the pH value where equal amounts of 
H+ and OH" are adsorbed on a charged surface, so that  the net surface 
charge is zero. When pH is greater than pH0, the surface becomes 
more negatively charged increasing the CEC, which, as discussed 
previously, favours divalent  cations.
After  Day 30 the change in the order of  cations p ropor t ion  in the soil 
solution of ULL2 (0-10) is the possible effect o f  ionic  s trength  of the 
soil solutions. Table 4.3 lists the ionic strength, (def ined  in Section 
3.3.7.3), of the solutions over the incubation.  The values show a 
considerable increase in ionic strength in ULL2 (0-10).
The Gouy -  Chapman expression shows that  the charge on the soil 
part icle surface is dependent on the e lectrolyte  concen tra t ion  which is 
directly correlated with ionic strength. The soils under  study are 
dominated by Fe and A1 oxyhydroxide  minerals  p rom ot ing  variable
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su r fa ce  charge .  At low pH, the va r iab le  soil surface  is pos i t ive ly  
ch a rg ed  and as the ion ic  s t reng th  increases ,  e lec t ro ly te  anions are 
a t t r ac ted  to the  su r face  resu l t in g  in an increase  in CEC which  usua l ly  
fav o u rs  m u l t i v a l e n t  cat ions  as coun te r- ions .  This  implies  that  the 
d iv a le n t  ca t ions ,  Ca and Mg, are m ore  l ike ly  to be more  exchangeab le  
th a n  the  m o n o v a le n t  ca t ions ,  K and Na.
4.3.3 Soil solution concentrations of minor cations
One o f  the  i ssues  r ega rd ing  the agr icu l tu ra l  use o f  b ioso l ids  stems 
f rom  the conce rns  about  the re lease  o f  m inor  cat ions or t race  metals  
in to  the  en v iro n m en t .  The  total contents  o f  trace  metals  de te rm ined  in 
the  b io so l id s  are  show n in Table  4.2. Concen t ra t ions  o f  most  trace 
m e ta l s  in the soil so lu t ion  in the three  soils were be low de tec t ion  
l im i ts  t h ro u g h o u t  incuba t ion .  These  metals  inc luded  Cd, Cr, Mo, Pb. 
F o r  the  e le m e n ts  Al, Cu, Fe, Mn, Zn, t races were de te rm ined  some 
days  w h i le  e leva ted  levels  were  found on o ther  days. T hese  resul ts  
are  show n in A p p en d ix  3 and confi rm  repor ts  cited by Hue (1995) that  
h e a v y  m e ta l s  are  s t rong ly  re ta ined  by soils in solid forms resu l t ing  in
low  so lu t io n  co n cen tra t io n s .
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The data confirms the unders tand ing  that  w h i le  the to ta l  m eta l  levels 
in b iosol ids  may be usefu l  as an index o f  co n ta m in a t io n ,  this  does not 
provide  an indica t ion  o f  the  b ioava i lab i l i ty  and the i r  b e h a v io u r  in the 
amended soil (Walter  et al., 2002). Cer ta in  m eta ls ,  e .g . ,  Cu, have the 
capaci ty  to chelate  d i rec t ly  (i .e. ,  form inner-  sphere  co m plexes  with 
organic  matter)  with cer tain  funct ional  groups.  T h e  se lec t iv i ty  of 
metals  to adsorb depends on:
• The type of  funct ional  groups present  in the  o rg an ic  m at ter ;
• The level o f  adsorp t ion  on the organic  m at te r ;
• The pH at which adsorpt ion  is m easured-  some m eta ls  compete  
more  e ffec t ive ly  with H+ for bond ing  on fu n c t io n a l  groups than 
others; and
• The ionic s t rength  o f  the solu t ion  in w hich  a d so rp t io n  is measured 
imply ing  the na ture  o f  exchanging  cations.
Al and Fe did not show any defin i te  t rend  in the  th ree  soils.  Mn was 
present  in ULL2 (0-10) so lut ion while  Cu was p re sen t  only  after the 
f irst month o f  incuba t ion  in all the soils.  Zn  was p resen t  in the soil 
solut ion of  ULL2 (0-10) th roughou t  the  i n c u b a t io n  p e r io d  in contrast  
to the soil solut ions o f  GNG(0- 40) and G N G (4 0 -9 6 )  w h e re  traces
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only  were present  on DO. [Note-The behaviour  o f  Cu and Zn are 
fu r the r  d iscussed  in Chapter  6]
Fe, A1 and Mn becom e more soluble when soil pH has reached a value 
less than pH 4.8 in calcium chloride solution (pH < 5.5 in water) 
(S la t te ry  et al., 1999). Both the total A1 content in the soils and 
b ioso l ids  (Table  4.2) were high but the absence of  Al in the soil 
so lu t ion  concentra t ions  implied that Al was in unavai lable  forms. 
Reviews cited by Hue (1995), noted that during the early phase of 
s ludge -  soil mixing,  metals  appear to be most  soluble, probably 
because  o f  complexes with small organic ligands. As time progresses,  
m ic rob io l  decomposi t ion  o f  such complexes, resul t ing in a loss of  
func t iona l  groups that  bind metals, shifts the metals toward more 
s tab le  and insoluble  forms. This probably expla ined the presence of 
Al in tO and all the treatments  of  ULL2 (0-10) soil solution only on 
Day 0 and not on other  days. The data showed that the concentrat ions 
o f  soluble  Al decreased as application rate increased probably  because  
o f  the h igh content o f  Ca in the biosolids.
Fe was present  in the untrea ted soil only, but  no meaningful  trend
could  be determined.  Where  values could be determined, the
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concentration of  soluble Fe in soils were low compared with the total 
Fe content. The concentrations of Fe in soil solution in acid soils (pH 
2.5 -  4.5 ) can range from 1.0 -  2.2 m g L '1 (K abata-Pend ias  and 
Pendias, 1992). Many reactions influence the solubili ty of  Fe in soil 
but hydrolysis and complexed species appear to be the most  important. 
However, the formation of other Fe compounds such as phosphate  and 
sulfides may modify Fe solubilities (Kabata-Pendias  and Pendias, 
1992). Even though the pHs of the soil solutions for GNG (0- 40) and 
ULL2 (0-10) were acidic and should favour Fe solubili ty , the results 
tend to suggest that complex formation of  Fe with components of 
organic matter  to form insoluble compounds played a major  role.
For ULL2 (0-10), the trends in the concentrat ion of  Mn in the soil 
solution were similar to those displayed by the major  cations; 
concentrations increased as application rates increased.  The 
concentrations increased from DO and peaked on Day 20 fol lowed by a 
decrease on D30 then another peak on D60 before  decreasing to D90. 
As explained earlier for the major cations,  the init ial  increased 
concentrations are due to increased minera l isa t ion  of  b iosol ids  organic 
matter releasing Mn into the soil solution. The pH o f  the soil
solutions of ULL2 (0-10) were low and continued to decrease  for the
177
t rea ted  soils as incuba t ion  progressed.  The decrease  in pH could be 
r espons ib le  for the d isso lu t ion  o f  Mn from soil minerals  observed 
after  D30.
4.3.4 Soil solution concentration of anions
The anions de te rm ined  included sulphur and phosphorus measured as S 
and P respec t ive ly .
4 .3 .4 .1  S u lp h u r
Sulphur  was p resen t  in the soil solutions o f  the three soils all through 
the 90 days o f  incubation. The concentra tions  increased with 
increased  rate  o f  b ioso l ids  applications.
For all three  soils,  the behaviour  of  S in the untreated soils was 
similar ;  concen tra t ions  increased over the f irst 20 days of  incubation 
then rem ained  cons tan t  to D90. The trend in the S concentrat ion in t l  
for  GNG (0- 40) was s imilar  to tO. T2 showed a decrease after DIO 
then  an increase  to D60 before  showing a decline.  The behaviour  of S 
in t3 was more  p rom inent;  the increase from DO peaked on D20
178
followed by a decrease to D30. The S concentrat ion then increased to 
another peak on D60 then decreased to D90. For GNG(40-96) ,  the 
treated soils showed similar trends to GNG (0- 40); concentrations 
increased in the first week, followed by a decrease before  increasing 
to D60 and remained constant to D90. For ULL2 (0-10), 
concentrations increased to D20, followed by a decrease to D30 then 
another increase to D60 where it remained constant to D90.
Sulphur is an essential component of  some amino acids o f  proteins 
which occur in both plants and animals, microbial  residues and humus 
compounds (Greenland and Hayes, 1981). Hence addit ion o f  organic 
materials results in increase in organic S pool. The amount of 
inorganic S in the soil at any time is a net effect of:
(vi) the mineral isation of the organic S;
(vii) the immobilisat ion or leaching of  mineral S; and
(viii) the inputs of sulphate from either fert i liser  or the atmosphere.
A model for sulphur t ransformation was proposed by Maynard et 
a l .(1984) who suggested that microbiol  biomass plays a crucial  role in 
mediating transformation between organic  S and inorganic  S in 
solution. Transformation processes include oxidat ion ,  reduction,
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m in e ra l i sa t io n ,  imm obi l i sa t ion  and microbia l  in teractions.  From the 
s tudies  used to develop the model,  it was evident that  microbia l  
b io m ass  acted as a source or sink for inorganic  sulphate , where  as 
m ic rob ia l  act iv i ty  inf luenced  the movem ent  of  S between the d ifferent  
S pools  ( inorgan ic  su lphate ,  labile and res is tant  organic S) and losses 
th rough  convers ions  o f  complex organic S into mobile  forms which 
can be lost  th rough  leaching. The activ ity  o f  soil m icroorganisms 
depend  on environm enta l  factors like tempera ture ,  moisture,  pH and 
food supply  (Lewis,  1999). Tem pera tures  in the range 20-40°C appear 
to favour  S minera l isa t ion .  Work by Will iam (1968) noted 1.2 mg S/kg 
was m ine ra l i sed  in an 8 week period at 10°C, compared with 9.5 mg 
S/kg at 30°C.
The var ia t ions  o f  S in this study ref lected the trend in C 0 2 evolut ion 
co n cu r r in g  with  the model by Maynard et al. (1984) that S release into 
the  soil so lu t ion  is inf luenced by the activi ty of  microorganisms.  
S im i la r  observa t ions  were reported by Taylor  et al., (1978) who found 
tha t  h ighes t  m inera l i sa t ion  rates o f  incubated biosolids compost were 
r eco rded  during  the period of  h ighest  C 0 2 evolution. A regress ion  
ana lys is  be tw een  C 0 2 and S in solution shows r2= 0.53, 0.12 and 0.02 
in GNG, ULL2 and GNG subsoil respec t ive ly  at p<0.05. The low
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correlation between C 0 2 and S in ULL2 and GNG subsoil  compared to 
GNG surface soil could be due to the presence the organic  sulphur 
containing compounds in the soils. Soil organic S consists o f  C-S and 
R-O-S (esters) and mineral isation may be control led  by either 
biological  or biochemical pathways. Biological  mineral isa t ion  is 
controlled by the need for C sources, whereas biochemical  
mineral isation is controlled by factors that inf luence  enzyme 
synthesis, activity, and kinetics (Germida et al. ,1992).
Unlike P, S was present  in all the 3 soil solutions throughout  the 
incubation period which may be explained in terms o f  adsorption. 
Because of  similar mechanisms for adsorption o f  P 0 43' and S 0 42', 
competit ion for sites may occur. S 0 42', may bind weakly to the surface 
of  Fe oxyhydroxide minerals  whereas P 0 43* bind by an inner  surface 
mechanism through ligand exchange and covalent  bond  sharing with 
Fe and A1 oxyhydroxide minerals (He et al. ,1997)
4.3.4.2 Phosphorus
Like most of the other ions, concentrat ions o f  soluble  P increased as 
the rate of biosolids application increased. P in GNG (0- 40) could be
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d e te r m in e d  on ly  on DO w hile  for GN G (40-96) ,  the P concen tra t ions  
w e re  all b e lo w  d e tec t ion  l imits .
P was de tec ted  in all t rea tm ents  o f  ULL2 (0-10) th roughou t  the 
in c u b a t io n  p e r io d (F ig u re  4 .1s) ,  however ,  the t rends in the f irst  20 
days  w ere  the  opp o s i te  o f  that  observed  for most  o f  the other 
e lem en ts .  T he  co n cen tra t io n s  decreased  to a m in im um  on Day 20 
fo l lo w e d  by an inc rease  to a peak  on D60 then s tab i l is ing  to D90.
In acid  soi ls ,  soil so lu t ion  P is s ign i f ican t ly  contro l led  by Fe and A1 
o x y h y d r o x id e  m ine ra ls  th rough  the process  o f  P sorpt ion.  GNG (0- 40) 
c o n ta in e d  re la t ive ly  h igh  amounts  o f  Fe and A1 c rys ta l l ine  minerals  
(see  T ab le  3.7) and the  absence  o f  P after  DO in GNG (0- 40) strongly  
su g g es ts  that  any so luble  P re leased  into the soil so lu t ion  was 
a d so rb e d  by the Fe and A1 minera ls .  The same exp lana t ions  could be 
o f fe re d  for  G N G (4 0 -9 6 ) .  This  observa t ion  supports  resu l ts  by Singh 
and Jones  (1976)  who showed that  P sorpt ion fo l low ing  the addit ion  of  
o rg a n ic  re s id u e s  in h ig h ly  sorb ing  soils increased  with the dura t ion  of
in c u b a t io n .
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The decreasing soil so lut ion concen tra t ion  o f  P in UL L 2 (0-10)  tends 
to suggest that in the f irst  20 days o f  incuba t ion ,  so lub le  P were  being 
removed actively. Possible  removal  m ech an ism s  in c lu d e  (1) P 
adsorpt ion  on Fe and A1 minerals  (2) u p tak e  by  the soil m ic ro ­
organisms. Results  obta ined  from soil resp i ra t ion  and C 0 2 evolu t ion  
(see Figure 4.2a to 4.2c) indicated  h igh  m ic rob io l  ac t iv i ty  in the first 
20 days o f  incubat ion  implying  an increase  in p o p u la t io n  so higher 
demand on food supply pa r t icu la r ly  by m ic ro f lo ra .  F ine  and 
M inge lgr in (1996)  expla ined that  P co ncen tra t ion  in  the soil extract  
from a biosol id  amended sandy soil decreased  as in cu b a t io n  time 
increased.  They proposed  that  the decrease  was not  due to adsorpt ion  
but to the prec ip i ta t ion  o f  inorganic  P.
The increase in P concentra t ions  after  Day 20 is m os t  l ike ly  due, 
f irst ly, to the release  o f  m ic rob io l  P as a resu l t  o f  death ,  and also 
possib ly, the d isso lu t ion  o f  m inera ls  p a r t i cu la r ly  Ca-P m in e ra l s  as a 
consequence  of  the low solut ion pH. ( so lub le  P f r ac t io n  is d iscussed 
fur ther  in Section 5.3 .1 .1) .  A l inear  reg re s s io n  ana lys is  o f  P in the 
soil solution o f  against  C 0 2 in ULL2 gives r2 = 0.203 l ( p  < 0.05) 
implying  a corre la t ion  exist  be tw een  the  p a ra m ete r s .
183
D O C  c o n c e n t ra t io n s  w ere  not de te rm ined  in the soil so lut ion as was 
d o n e  for  o ther  e lem ents ,  ins tead ,  DOC was f i rs t  ex trac ted  using K2S 0 4 
and d e te rm in e d  acco rd ing ly .  F igures  4 .3a  to 4.3c.  show the t rend in 
the  DOC c o n c e n t r a t io n s  in the incubated  soil samples on Days 0, 30 
and 90. Fo r  all th ree  soils,  the amount  o f  DOC increased with 
in c re a s in g  ra te  o f  b io so l id s  applica t ion.
D e te rm in a t io n s  in GNG (0- 40) revealed  a gradual  decrease  in DOC 
f ro m  Day 0. A f te r  Day 30, the DOC contents  rem ained  the same to 
D ay  90. S im i la r  t rends  were observed  in the o ther  two soils,  but  for 
G N G (4 0 -9 6 ) ,  the  inc rease  observed  in tO from D30 to D90 could be 
due  to an ex p e r im e n ta l  e rror  or cross con tam ina t ion  from b ioso l ids  
d u r in g  e x p e r im e n ta t io n .  The  DOC content  in the soil so lu t ions were
4.3.5 Microbiol biomass determined as dissolved organic
carbon(DOC)
in the  o rder  U L L 2 (0-10)  > GNG (0- 40) > G N G (40-96) .
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Figure 4.3a. GNG (0- 40) -Dissolved organic carbon (DOC).
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Figure 4.3b. GNG(40 - 96) -Dissolved organic carbon (DOC)
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Figure 4.3c. ULL2 (0-10) -Dissolved organic carbon (DOC)
M inera l isa t ion  of  organic matter  in the soils and biosolids depends on 
in te rac t ions  between different  groups of  soil biota. Micro-fauna like 
p ro tozoans  and nematodes,  which usually constitute <10% soil 
m ic rob io l  b iomass, can withstand extreme conditions and respond 
rap id ly  to graze on soil bacteria, fungi and algae when conditions are 
favourab le  s t imula t ing  mineral isa t ion and release of  nutrients like N, 
P and S (Gupta  et al., 1998).
The incubat ion  experiments  in this study were carried out on disturbed 
a ir -dr ied  soils,  but the experimental  condit ions allowed micro­
organisms act ivi ty  because of  the avai labi l i ty  of food, mois ture and 
tem pera tu re .  M icrofauna  are known to play an important  role in the
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d e co m p o s i t io n  o f  o rgan ic  m at te r  in b io so l id s  (G up ta  et a l. ,  1998) .  The 
inc reased  ac t iv i ty  was ind ica ted  by an in c rease  in e v o lu t io n  o f  C 0 2 in 
the f irst  20 days o f  incu b a t io n  (F ig u re s  4 .2a  -  4 .2 c ) .  S ince  the 
in cu b a t io n s  were  under  con tro l led  cond i t io n s ,  the  m ic r o f a u n a  would 
ev en tu a l ly  exhaus t  the i r  food supp l ies  and, as a r e su l t ,  d ie  off .  The 
o b se rv a t io n s  on the DOC, w hich  re p re se n t  a m e a su re  o f  the  m ic ro b io l  
b iom ass ,  conf i rm  this p h e n o m e n o n  where  it a p p ea rs  th a t  by  D ay  30, a 
g rea te r  p ro p o r t io n  o f  m ic ro -o rg an ism s  had  died.  A f t e r  D a y  30 the 
resu l ts  o f  both  DOC and C 0 2 ana lys is  sugges t  th a t  a sm a l l  p o p u la t io n  
o f  m ic ro -o rg an ism s  was still  p re sen t  on Day 90.
4.4 Conclusions
In cu b a t io n  o f  soil am ended  with  b io so l id s  had  a s u b s ta n t ia l  e f fec t  on 
soil so lu t ion  com pos i t ion .  The  c o n c e n t r a t io n s  o f  the  c o m p o n e n t s  tend 
to suggest  the in f luence  o f  the  c o n ten ts  o f  the  b io s o l id s  w h e re  h igh  Ca 
leve ls  were  de te rm ined .  S im i la r  o b se rv a t io n s  w ere  m a d e  by  A g ass i  et 
a l . (1998)  who found that  the  c o n c e n t r a t io n  o f  c h e m ic a l  c o n s t i t u e n t s  in 
the leacha tes  were  d e p en d en t  on am o u n ts  in the  so i l ,  b io so l id s ,  
p e rc o la t io n  rate , v o lum e  o f  w a te r  tha t  le a c h e d  the  soil .
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W hile  the m ajor  cations Ca, Mg, Na and K were present  in high 
concentra t ions ,  levels  o f  micronutr ients ,  specifically Cu and Zn were 
<1 mg/L. Even though pH, of  the soil solutions were most ly  <5, the 
concentra t ions  of  heavy metals like Cd were below detect ion limits.
The behav iour  o f  the components o f  the soil solution extracted in this 
s tudy suggested that  chemical reactions,  e.g., dissolution, 
p rec ip i ta t ion  and exchange as well as organic mineral isa t ion were 
occurr ing .  It seemed that pH was the most important  controlling 
fac tor  in p rom oting  these chemical reactions during incubation.  
T ransfo rm at ion  o f  N compounds during organic mineralisa tion 
specif ica l ly  n i t r i f ica t ion  and the subsequent loss of am m onia^ is  
expected  to decrease  pH. The low pH promoted the dissolution of  Ca 
and probab ly  Mg carbonate and sulphate minerals releasing Ca2+ and 
M g2+. The marked increase in concentration of  Ca and Mg in the soil 
so lut ion in the first 30 days of  incubation tended to suggest that, in 
addit ion  to the dissolut ion react ions of  the Ca and Mg minerals,
organic  m at te r  mineral isa t ion  as reflected by the increased C 0 2
produc t ion  also contr ibuted to Ca and Mg levels. The dominance of 
Ca and Mg in the soil solution during the first 30 days implied that the 
rates  o f  m ine ra l i sa t ion  and dissolution were greater than any Ca and
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Mg losses that could be occurring by prec ip ita t ion;  however ,  after 
D30, decreases in the Ca and Mg levels s trongly suggest  that  the rates 
o f  precipita tion of  Ca and Mg carbonates were grea ter  than the rate of 
dissolution.
The soils under study were rich in Fe and A1 oxyhydroxide  minerals 
which promote variable surface charges. Increasing ionic  strength can 
increase CEC which, in this study, is most likely dom inated  by NH4 + 
from organic N mineralisation. Adsorption o f  ammonium ions can 
exchange with Ca2+ and Mg2+ releasing the ions to the solution.  The 
combination of  dissolution,  mineralisa tion and exchange reactions 
part icularly desorption prevailing over p rec ip i ta t ion  could explain the 
increased Ca and Mg concentrations after D60.
Apart  from mineralisa tion o f  organic S and the weak adsorpt ion of 
S 0 42' on Fe oxyhydroxide minerals,  d isso lu t ion  o f  the sulphate 
minerals of Ca and Mg could be another reasons for the continuous 
presence of sulphur during incubation in all three  soils.  This 
observation supports those by Agassi  et a l. , (1998) who reported that 
S 0 4 was one of  the three ions with high concen tra t ions  contr ibuting 
to the electrical conductivity o f  the so lut ion in the leacha tes  o f  soil
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trea ted  with  b iosol ids ;  Ca2+ and Mg2+ were the other two. It should be 
noted  that  studies by Agassi et al. (1998) were done on soils with pH 
va lues  7.2 -  8.0 in contrast  to soils used in this study where pH values 
were  from 4.5 -  5.6 implying the dominance of  S over a wide pH 
range.
The dynamics  o f  P during the incubation period is s trongly affected by 
n i t r i f ica t io n  through its effect on pH and ionic strength. Calcium 
phospha te  is most  l ikely the dominant phosphate mineral  in the 
b ioso l ids  (Fine et al. ,1996) which would dissolve due to the low pH.
The absence  of  soil solut ion P throughout  the incubation period for 
two o f  the soils in this study was most likely due to both fixation by 
the soil Fe and A1 oxyhydroxide minerals  or precipita t ion of 
inorgan ic  P by Ca and Mg ions in solution. Results from this study 
show that  components  o f  soil solution and their  concentration in a soil 




Fractionation of Phosphorus in Acid Soils Incubated with 
Biosolids
5.1 Introduction
The previous  section investigated  the e ffect  o f  in cu b a t in g  soils and 
b iosol ids  over a 90 day period,  on the soil so lu t io n  c o m p o s i t io n  and 
factors that  in f luence  the concentra t ion  o f  the ions,  p a r t i c u la r ly  for 
the element P, knowing  that p lants  u t i l i se  so lu t io n  P. Soil solut ion 
composi t ion  o f  any ion depends on the co m p o u n d s  p resen t  in the  soil 
solid phase which ‘h o l d ’ the ion that is in e q u i l ib r iu m  w ith  the ion in 
solution. The b ehav iour  o f  P is the focus o f  this  s tudy  and th is  sect ion 
investigates  the sol id phase  component  o f  P in the  in cu b a ted  samples 
which might  give an unders tand ing  in the  b e h a v io u r  o f  so lu t io n  P.
Phosphorus is a chem ica l ly  reac t ive  e le m e n t  and m o re  than  170 
phosphate  minerals  have  been  iden t i f ied .  T he  so lu b i l i ty  o f  these 
minerals  varies g rea t ly  and t ran s fo rm  f rom  sp a r in g ly  so lub le  to
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increas ing ly  insoluble  forms through time; consequently  P in soil is 
the most unavai lab le  o f  all major  nutrient  elements (Holford, 1997).
Soils  vary widely  in their  physical  and chemical propert ies which 
contro l  the forms and solubili t ies  o f  their P components. Important  
soil p roper t ies  that affect  solubili ty are pH, concentrat ions of  Fe, Al, 
Ca and the nature  and surface areas of  the soil particles. In most 
soils,  P is adsorbed to the large area surfaces o f  clay minerals, 
e spec ia l ly  Fe and Al oxyhydroxides and organic matter  complexes. In 
acidic  soils,  P also occurs in various forms of  Al and Fe phosphates 
(L indsay ,  1989). In neutral and alkaline soils, P at higher  
concen tra t ions  is more l ikely to precipitate  as Ca and Mg phosphates 
(Delgado and Torrent,  2000) and adsorb on surfaces of  Ca and Mg 
carbonates .
A s ign if ican t  p ropor t ion  of  the P which is present  in the topsoil  is in 
o rgan ic  combinat ion  and is a major and very stable component of most 
soils ,  especia l ly  where  the pH is acidic and organic matter  and 
n i t ro g en  contents  are high (Holford, 1997). Research on cropped soils 
suppor ts  the concept that  organic P (Po) m obil isa t ion  occurs when 
inorgan ic  P (Pi) supply  limits plant growth (Sharpley, 1985) and
192
phosphatase  enzymes o f  plant  and m icrob io l  o r ig in  are  induced. 
Phosphatase  activity is greater  in the rh izosphere  o f  young  and 
perennial  plants than in bulk solut ion (Frossard  et al., 1995).
Besides the P turnover  through m icrob io l  b iom ass ,  o rgan ic  P 
minera l isa t ion  is the other main biotic  p rocess  that  in f luence  Pi 
release into the soil solut ion. U nders tand ing  the dynam ics  o f  organic 
P in the soil is still l imited, despite  ex tensive  inves t ig a t io n  (Frossard  
et al., 2000) and no accurate  method o f  its quan t i f ica t io n  is avai lable  
because o f  the high chemical  reac t iv i ty  o f  Pi. Any m inera l i sed
inorganic  P (Pi) may be rapid ly  adsorbed onto the soil sol id  phase 
where it cannot be d is t inguished from P a lready  p resen t  (Oehl  et al., 
2001). A great deal o f  work has been focussed  on the sep a ra t io n  and 
ident if icat ion of  different  forms o f  organ ic  P us ing  chemical  
f rac t ionation based on solubil i ty  in a lkali  reagen ts ,  and 31P NMR 
spectroscopy.
5.1.1 Factors affecting the rate of decomposition of organic P.
The rate o f  decomposi t ion  o f  o rganic  P depends  on P so lu b i l i ty  in the 
residue and the rate o f  decom poser  g row th  which ,  in turn,  d epends  on
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subs tra te  access ib i l i ty  to the organism and its enzymes, the nature  o f  
the subs tra te  and the nature  o f  the surrounding  water, i .e. ,  the pH, 0 2 
par t ia l  p ressure ,  N, S and P concentra t ions (Frossard  et al., 1995).
C u l t iva t ion  no rm al ly  results  in the m inera l isa t ion  of  soil organic 
m at te r  and assoc ia ted  organic P. The rate  at which mineral isa t ion 
takes p lace  is more  rapid in tropical  soils where organic  P is an 
im por tan t  source  o f  avai lable  P. Organic  P mineral isa t ion  rates in 
t rop ica l  soils may range  from 27 to 50 kg P h a '1 y ' 1 for the first year 
after  cu l t iva t ion  from grass fallow which is suff icient  to provide P for 
two crops per  year . In cooler climates,  organic  P mineral isa t ion rates 
are s lower  and not enough P may be minera l ised  for plant use during 
one cu l t iva t ion  and growing season (Hedley et al., 1995).
P hosphorus  has been  ident if ied as a major  factor involved in 
decreas ing  water  quali ty  through its role  in eutrophicat ion.  Build  up 
o f  soil P due to long term land applica t ion o f  manure and fert i lisers ,  
and the r isk  this  poses to surface water  has been well reported 
(Sharp ley  et al.,  1996; Sims et al., 2000).  Changes in leg is la t ion  and 
po l icy  in some states o f  the USA, now mandate  more intensive 
m an ag em en t  o f  all forms of  agricultural  P including biosol ids
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(Maguire  et al., 2000),  e.g., applica t ion  o f  P to h igh  P soils  cannot 
exceed a 3 yr crop removal  rate  (Sims et al., 1998), im p ly in g  high P 
soils will only receive P applica t ion every 3 years.
Most o f  the management  plans on applica t ion  o f  b io so l id s  are based on 
the n i trogen requirement  o f  the plants,  but  this  p rac t ice  has been 
shown to lead to an over supply o f  P re la t ive  to crop requ irem ents  
(Kell ing et al., 1977). This over-appl ica t ion  leads to an accumulat ion  
o f  P in soils.  However,  the plant  ava i lab i l i ty  o f  b io so l id s  P can be 
less than that o f  manure  or fer t i l iser .P .  This  low a v a i lab i l ty  o f  P in 
b iosol ids  has been a tt r ibuted to the addit ion o f  Fe and Al compounds 
of ten ut il ised during wastewater  t rea tment  p rocesses  to b in d  P (Soon 
and Bates, 1982).
The fixat ion and red is tr ibu t ion  o f  P in b ioso l ids -  am ended  soils are 
inf luenced by both soil and biosol ids  p roper t ies ,  such as P adsorpt ion 
and desorpt ion capacity  o f  the soil, physica l  p ro p e r t i e s  o f  the  soil, and 
P content  and forms in the b iosol ids .  They  are also in f lu en ced  by 
rates and methods of  b iosol ids  applica t ion ,  soil  m a n a g e m e n t ,  rainfall ,  
and topography. In addit ion,  d i f fe ren t  types o f  v e g e ta t io n  may have 
variable  effects  on the fate o f  P applied  w i th  b io so l id s  (Sui et al.,
1999).
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In v es t ig a t in g  the effects  o f  b iosol ids  addit ion on forms of  soil P is 
use fu l  to p red ic t  the l ike l ihood of  its t ransport  as well as its 
b io av a i lab i l i ty .  Iden t i fy ing  the individual  P compounds in soil and in 
b ioso l id s  is not  easi ly achievable  because  the chemistry of  soil P is 
complex .  Ins tead ,  sequential  chemical  f ract ionation of  classes of  soil 
P com pounds  is opera t iona l ly  defined by the extracts that remove 
them  from soil mater ia ls  based on the assumption that chemical 
ex trac tan ts  se lec t ive ly  dissolve discreet  groups of  P compounds.
In the las t  decade,  various new analytical  technique have been 
p roposed  to de termine  organic P mineral isa t ion.  These include 
iso top ic  exchange kinet ics and changes in res in-ex trac tab le  Pi 
(F rossa rd  et al., 1996) and isotopic  di lut ion techniques (Lopez- 
H ernandez  and Nino. ,  1993, Oehl et al., 2001). These methods 
descr ibe  and de te rmine  the avai labi l i ty  of P in the soil solution which 
was s im ila r ly  carr ied  out in this study by extract ion with N a H C 0 3; 
i .e . ,  soil o rganic  P m inera l isa t ion  was observed through chemical  
f rac t io n a t io n  o f  P based on solubil i ty  in N a H C 0 3 and NaOH.
T h ere  is a general  lack of  concensus among researchers regard ing  the 
fa te  o f  b ioso l id s  P, due part ly  to the range of  biosol id  types that have 
been  inves t iga ted .  However,  a number  of  frac t iona t ion  stra tegies have
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been  deve loped  to quanti fy  d i f fe ren t  forms o f  P in soils .  C h a n g  and 
Jackson  (1957) developed  a f rac t io n a t io n  tech n iq u e  tha t  was m o d i f i e d  
by W il l iam s et al. (1967).  The p ro ce d u re  p r e s e n te d  m an y  
in te rp re ta t iona l  p rob lem s due to r e p re c ip i ta t io n  o f  P m a k in g  
separa t ion  o f  Al- and Fe- a ssoc ia ted  P unre l iab le .  An a l t e rn a t iv e  P- 
f rac t iona t ion  scheme was d eve loped  by H ed ley  et al. , (1 9 8 2 ) ,  w h ich  
a imed at quan t i fy ing  labile  (p lant  avai lab le)  Pi, Ca- a s so c ia t e d  Pi, Fe 
and Al assoc ia ted  Pi, as well  as labi le  and m ore  s t a b le - f o r m s  o f  
organ ic  P.
T iessen  and M oir  (1993) argued  that  the f r a c t io n a t io n  m e th o d  by 
Hedley  et al. (1982),  left 20 to 60% o f  the P in the  soil  u n e x t r a c te d .  
Table  5.1 d isplays resul ts  from f rac t io n a t io n  u s in g  the  m e th o d  
developed by Hed ley  et a l . ( l 982) and T iessen  and M o i r  (1993) .
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Table 5.1. Some examples of sequentially fractionated soil (Tiessen and 
Moir, 1993; Hedley et al., 1982)
S o i l R e s i n
Pi







C o n e
H C 1 -
Pi




C o n e
H C l
Po
R e s i ­
d u e
R e f e r e n c e
Native
Oxisol

























- 376 Hedley et 
al., 1982
The residue often contained significant amounts of  organic P that 
sometimes part icipated in relatively  short term transformations.  In 
re la t ive ly  young soils which are dominated by Ca -  P, the residual 
organic  P can be extracted by NaOH after the dilute acid extraction, 
but  on more weathered soils, hot HC1 extracts most of  the organic and 
inorganic  res idual  P (Tiessen and Moir, 1993).
In this study, b iosol id-amended soils at water holding capacity were 
incubated  for 90 days. Applica tion rates were based on nutrient P 
requ irem ents  for sugarcane growing areas in Fiji (Section 4.2.3). Soil
samples were taken periodical ly  and subjected to sequential
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fractionation to identify the dynamics of  the short term processes that 
cause the long term changes in soil P. Hence the objec tives o f  this 
study were :
(i) to investigate the redis tr ibution of different  forms of  P be tween  
the soil P fractions effected by the addition of b ioso l ids  during a 90 
day incubation period;
(ii) to examine the rate o f  organic P minera l isa t ion  over the 
incubation period.
5.2 Materials and Methods
5 .2 .1  C h a r a c t e r i s t i c s  o f  th e  s o i l s  a n d  b i o s o l i d
A description of  the soils and biosolid  charac ter is t ics  and deta i led  
account of  the incubation experiments is given in Section 4.2
5 . 2 . 2  S e q u e n t i a l  F r a c t i o n a t i o n  o f  s o i l  P
In this study, P fractionation of  the incubated soils was achieved by a 
method modified from Hedley et al., (1982) and T iessen  and Moir  
(1993). Hedley et al., (1982) provided a method for charac te r is ing  
microbiol P because the microbiol  populat ion is im por tan t  in nu t r ien t
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c y c l in g  and in this  in s tance  P cycl ing  and P t rans fo rm at ion .  The 
m o d i f i c a t io n s  m ad e  to the m ethods  m en t ioned  were  with  respec t  to the 
ana ly s is  o f  to ta l  P. The  so lu t ions  were analysed  d irec t ly  for total P 
u s in g  the In d u c t iv e  Couple  P la sm a/A tom ic  E m iss ion  Spec troscopy  
( IC P /A E S )  in s tead  o f  d iges t ions  with  am m onium  p e rsu lpha te  (Sect ion  
5 .2 .4 ) .  A su m m ary  o f  the p rocedure  used to sequent ia l ly  f rac t iona te  
soil  P is show n in F ig u re  5.1.
2 00
Figure 5.1. Flow Chart of P Fractionation
2 01
D u p l ic a te  soil  sam ples  (0.5 g) and 2 str ips (9 x 62 mm) o f  anion 
e x ch a n g e  m e m b ra n e  (BDH No 55164), were suspended in 30 mL o f  
d e io n ise d  w a te r  in a 50 ml p o ly p ro p y len e  cen tr i fuge  tube and shaken 
on an end over  end shaker  for  16 hrs. The res in  str ips were rem oved  
and any ad h e r in g  soil  p a r t ic le s  washed back  into the tube. The str ips 
w ere  then  p lac ed  into  a c lean 50 mL tube con ta in ing  HC1 (20 mL; 0.5 
m o l /L )  and set aside  for 1 hr to allow gas to escape.  The tubes 
c o n ta in in g  the s tr ips  were shaken overn igh t  and P was de te rm ined  in 
the  so lu t ion .  The  soil  suspens ion  was cen t r i fuged  at 13000 rpm for 10 
m in s  and the su p e rn a tan t  was decanted
Step  2a/ F rac t io n  2a : Sodium  b ica rb o n a te -ex t rac tab le  P
T h e  soil  r e s id u e  f rom  Step 1 was resuspended  in N a H C 0 3 (30 mL; 0.5 
m o l /L ;  pH 8.5)  and shaken for 16 hrs. The  sample  was cen t r i fuged  as 
b e fo r e  and the supe rn a tan t  f i l te red  th rough  a M il l ipore  f i l ter  (0.45 um) 
and a n a ly sed  for  to ta l  P (Pt)  and inorgan ic  P (P i) .Po  was ca lcu la ted  
f ro m  th e -d i f f e r e n c e  b e tw ee n  Pt and Pi.
S tep  1/ F ra c tio n  l :A n io n  exchange  m em brane e x tra c ta b le -P fre s in -P l
2 0 2
CHCl1/NaHCQ1
Duplicate  soil samples of  the res in-ex trac ted  soil were  fum iga ted  by 
adding CHC13 (1 mL) to the soil residue from Step 1 and the tube 
shaken for 1 hr. The tubes were left s tanding overn igh t  to evaporate 
and then extracted with N a H C 0 3 (30 mL; 0 .5mol/L)  as done for step 
2a. The extra Pi and Po extracted, (CHC13/ N a H C 0 3 P minus N a H C 0 3 
P) or iginates from the lysed microbiol  cells.
Step 3/ Fraction3 : Sodium hydroxide-ex trac tab le  P
The soil residue from step 2b was resuspended in NaOH (30 mL; 0.1 
mol/L) and shaken for 16 hrs, then cen tr i fuged  and the supernatant  
fi ltered as before, then analysed for Pt and Pi
Step 4/ Fraction 4: Sonicated/  N aO H -ex trac tab le  P.
The soil residue from Step 3 was resuspended  in N aO H  (20 mL; 0.1 
mol/L) and dispersed for 2 min with an u l t ra son ic  p ro b e  (Braunson 
1510 operated at 75 watts).  The final volume o f  the  suspens ion  was
Step 2b/ F raction  2b : Fum igation  and ex trac tio n  o f  m ic ro b io l P by
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m a d e  up to 30 m L w ith  N aO H  (0.1 m ol/L ) ,  shaken for 16 hrs, then 
c e n t r i f u g e d  and f i l te red .  The superna tan t  was analysed  for Pt and Pi.
S tep  5/ F r a c t i o n  5 : D i lu te  h y d ro ch lo r ic  ac id -ex t rac tab le  P.
T h e  soil  r e s id u e  from  Step 4 was resuspended  in HC1 (30 mL; 1 
m o l /L )  and  shaken  for  16 hrs.  The suspens ion  was cen t r i fuged  and 
f i l te red .  T he  su p e rn a tan t  was analysed  for Pi.
Step 6 / Fraction 6 : Hot and concentrated hydrochloric acid extractable P
T h e  soil  r e s id u e  f rom Step 5 was vortex  mixed with  cone HC1 (10 mL) 
th en  h e a ted  in a w a te r  ba th  at 80°C for 10 mins (the tubes were in hot 
w a te r  for  a to ta l  o f  20 mins) .  M ore  cone HC1 (5 mL) was added; the 
tu b e  was v o r tex  m ixed  and a l lowed to stand for 1 hr s t i r r ing  every 15 
m in u te s .  T he  tube  was then cen tr i fuged  and the supe rna tan t  decanted 
in to  a 50 mL v o lu m e t r i c  flask.  The  soil was washed  twice with  10 mL 
H 20 ,  c e n t r i fu g e d  and the  wash added to the  f lask  and made  to volume.
T h e  so lu t io n  was ana lysed  for  Pt and Pi
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The soil residue from step 6 was transferred to a d iges t ion  tube using 
10 mL deionised water, then digested with a mix ture  o f  H2S 0 4 and 
H20 2 (Tiessen and Moir, 1993). The digest  was cooled then 
transferred to a 50 mL volumetric  flask and made up to the mark.
5 . 2 . 3  T o t a l  P
Total P content in the soil and the b iosol id  t reated soil were 
determined by first oxidising the organic matter  fo l lowed by wet acid 
digestion using the four acids, HC1, H N 0 3,H C104, H 2S 0 4 (Becquerel 
Laboratory).
5 . 2 . 4  P d e t e r m i n a t i o n
Pi was determined by Murphy and Riley (1962) procedure  on an 
autoanalyser. After discussions with the head o f  the analytical  unit at 
CSIRO Land and Water Section, Adelaide,  SA., it was agreed that 
total P be determined by Induct ive Couple P lasm a/A tom ic  Emission 
Spectroscopy (ICP/AES). The results are repor ted  as the average of  3 
replicates. There were instances where the average  o f  2 numbers  were
Step 7/ F raction 7 : Residual P (LLSCL / ,H90?1
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taken due to either loss o f  sample or where agreements in the 3 
repl ica tes  were > 10% of  the mean hence the 2 most consistent results 
were  averaged.
5.3 Results and Discussions
The dis tr ibut ion of  P in the soils following biosolids amendment was 
expected to be either in the inorganic or organic pool. The 
concentra tions of  P determined in the extracts were all analysed as 
inorganic  P and some extracts as total P. Organic P concentrations 
were  calculated from the difference between the total and inorganic P. 
Table  5.2 shows the summary of the inorganic and organic P fractions 
that  were determined.
Table  5.2. Sum m ary o f inorganic and organic P fractions




Sonicated NaOH Sonicated NaOH
Dilute HC1 n.a.
Cone HC1 Cone HC1
N.B (i) Residual P was determined only as total P 
(ii) n.a. means not applicable
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Varia tions in the inorganic and organic P conten t  o f  each f rac t ion  over 
the incubation period are discussed in Sections 5.3.1 and 5.3.2 
respectively. Section 5.3.3 summarises the t rends  in the P d is t r ibu t ion  
over the 90 days incubation period.
5 . 3 . 1  I n o r g a n i c  P
The concentrat ions of  inorganic P in each o f  the f rac t ions  extracted 
from both soils were observed to increase  p rop o r t io n a l ly  with the 
addit ion of  biosolids . The order of  the p rop o r t io n  o f  the  inorganic  P 
fraction in the two soils throughout  the 90 days incuba t ion  period 
were different.
For GNG(0-40),  all t reatments ,  i.e. tO to t3, showed the order  as :
(1) N aO H -P  > (2) residue-P »  (3) sonica ted  NaOH-P > (4) di lute 
HC1-P > (5) res in-P >(6) N a H C 0 3-P.
In terms of  mineral  P forms,  the rank ing  for GNG (0-40) t ranscr ibes  
to:
(1) Pi compounds held by surfaces o f  short  range  order  and
crystal line Fe and A1 minerals.
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(2) C h e m ic a l ly  s tab le  and in so lub le  Pi;
(3)  Pi at in te rn a l  su r faces  o f  soil aggrega tes ;
(4) A p a t i t e  ty p e  m in e ra l s  and occ luded  Pi;
(5) W a te r  so lu b le  P that  is m os t  b ioava i lab le ;  and
(6) L ab le  Pi
T h e  re su l t s  sugges t  tha t  in GNG (0-40) ,  the m ore  stable  P forms were 
m o re  d o m in a n t  th an  the  lab i le  P forms; re la t iv e  p ropor t ions  are 
d i sc u sse d  fu r th e r  in Sec t ion  5.3.3.
F o r  U L L 2  (0 -40) ,  the  order  was :
(1) N a O H -P  >(2)  N a H C 0 3-P >(3)  res in -P  >(4) res idue-P  >(5) 
so n ic a te d  N aO H -P  >(6)  d i lu te  HC1 -  P.
T h e  o rd e r  for  the  U L L  2 ind ica te s  that  the h ighes t  p ro p o r t io n  o f  P 
o c cu rs  as Fe and A1 m in e ra l s  which  have lower  p lan t  ava i lab i l i ty .  The  
r e s u l t s  also sugges t  tha t  a g rea te r  p ro p o r t io n  o f  P is m ore  lab i le  than
th a t  p re s e n t  in GN G (0-40) .
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5 .3 .1 .1 .  R e s in  P
The t rends  in the concentra t ions  o f  P ex trac ted  by the an io n  exchange  
resin , are shown on Figures  5.2a and 5.2b for GNG (0 -40 )  and 
U L L 2(0-10)  respec t ive ly .  Levels  in U L L 2(0-10)  ran g ed  f rom  30 — 67 
mg P/kg soil,  which were h igher  than GNG (0-40) by about  3 times.  
For the GNG soil, the resul ts  for the u n am ended  soil and those  that 
rece ived  lower t rea tments ,  i .e. ,  tO, 11 (200 : 1) and t2 (100  : 1), tend  to 
ind ica te  increases  in water  soluble  P from Day 0 to a p e ak  be tw een  
Day 10 and Day 20. A f te r  Day 20 concen tra t ions  show ed d ec rea se s  to 
Day 30, then increases  toward Day 90. The w ater  so lub le  P in t3 (67 : 
1), however ,  decreased  from Day 0 to a m in im u m  on D ay  30 after  
which  it s tab il ised  until  Day 90. Resin P in G N G (0-40)  c o m p r i s e d  not 
m ore  than 4% of  the total inorgan ic  P th ro u g h o u t  the  d u ra t io n  o f  
incuba t ion .  The low res in  P ref lec ts  the  obse rv a t io n  m ad e  o f  the  low
solu t ion  P in GNG(0-40) .
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Figure 5.2a. GNG (0-40) Resin P.
Inorganic P 
content
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Even though ULL2(0-10) also showed elevated levels of water soluble 
P, the increases were not as pronounced as that shown by the GNG(0- 
40). The levels generally appeared to decrease to a minimum towards 
Day 30 before the gradual increase to Day 90.
Figure 5.2b. IJLL2 (0-10) Resin P
Inorganic P 
• content
4  to — ■--- 1 1 — A —  1 2 — X 1 3
2 1 0
E x cep t  for  the decrease  in Resin-P  con ten t  on D ay  20, t3 has not  
show n m uch  va r ia t io n  in its c o n ce n t ra t io n  d u r in g  th e  90 days  o f  
in cu b a t io n  w hich  seems to im ply  tha t  a s ta te  o f  e q u i l i b r iu m  was 
e s tab l ish ed  qui te  qu ick ly
The  res in  P pool  ex trac ted  the lab i le  P pool  tha t  is m o s t  b io a v a i l a b le  
and exchangeab le .  The  resu l ts  f rom this  s tudy  in d ic a te d  tha t  P is 
eas i ly  desorbed  from ULL2 to rep le n ish  the  l ab i le  P pool .  An 
o b se rv a t io n  o f  the P ex trac ted  from the soil so lu t io n  (F ig u re  4 .1s)  
show ed  that  P was p resen t  in s ig n i f ican t  am o u n ts  c o n t in u o u s ly  from  
Day 0 to Day 90 which  sugges t  that  not  on ly  is P eas i ly  a v a i la b le  in 
th is  soil ,  it is also v u ln e rab le  to l each ing  and su r fa ce  r u n o f f  i f  added  
in excess  o f  p lan t  req u i rem en ts .  The o b s e r v a t io n  fo r  U L L 2  also 
sugges ts  that  P is be ing  d isp laced  eas i ly  f ro m  the  soil  su rface .  
B ioso l id s  con ta in  o rgan ic  an ions  which  co m p e te  w i th  p h o s p h a t e s  for 
a d so rp t io n  si tes  on su r faces  o f  o x h y d ro x id es  (S in g h  and  Jones ,  1976; 
Hue,  1990) or c o m p lex a t io n  o f  o rgan ic  a n io n  w i th  A l 3+ and F e 2+ or 
Ca2+ lo w e r in g  the i r  ac t iv i t ie s  (Hue, 1990)
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5 .3 .1 .2  N a H C 0 3-P
The quanti t ie s  o f  N a H C 0 3 extractable  P differed considerab ly  in the 
two soils.  Levels  in the GNG soil ranged from 1-24 mg P /kg soil, 
about  1-11% of  the total inorganic  P fraction, while  in ULL2, contents  
r anged  from 35 -  96 mg P/kg soil (13-28% tot Pi). Higher levels  were 
found  in the soils with the highest  rate  o f  b iosol id  applications.  
F igu res  5 .3a and 5.3b show the trend in N a H C 0 3 extractable  P during 
the incuba t ion  period in the two soils.
The h ighes t  N a H C 0 3- P contents  in the GNG soil were extracted from 
Day 0 in all the t reatments .  Concentrat ions in all the t rea tm ents  then 
s tead i ly  decreased  to Day 90. The decreases were more pronounced 
a f te r  Day 20. It appears that  available  P is being lost from the soil 
sys tem  th rough  f ixat ion by Fe and A1 compounds similar  to Resin-P. 
M ilne  and Graveland (1972) found that avai lable  P in b iosol ids  
am ended  soils increased  after 2 weeks o f  incubation under labora tory  
ex p er im en ta l  condit ions ,  but  then decreased to the level o f  unamended 
con tro ls  after  4 weeks in 2 out o f  the 3 soils examined.
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Figure 5.3a. GNG (0-40) N a H C 0 3 extract
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Figure 5.3b. U112 (0-10) N a H C 0 3-P
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On Day 0, ULL2 showed increases in the amount of  N a H C 0 3 -  P 
propor t iona l  to the rate  of  biosolids application in all treatments. The 
unamended  soil then showed an increase to a peak on Day 20 then 
decreasing  and s tabil is ing to an equilibrium value. There appears to 
be litt le varia t ion in the available P in the treated samples after the 
in it ia l  decrease  from Day 0. Bicarbonate -  inorganic P plus resin -  P 
are labile soil-P fractions and are recognised as the most available for 
p lant  growth (Bowman et al., 1978). It is expected they will reflect 
short  term seasonal changes in bioavailable P, therefore  the presence 
(or  loss) o f  inorganic  P will be observed in these fractions as was 
observed  in this study.
Olsen P levels for the two unamended soils were similar and in the 
same order of  magnitude  as the N a H C 0 3- P levels determined in these 
f rac t ions taking the resin-P fractions into consideration. Olsen P 
concentra t ions  in GNG and ULL2 were 6 mg P/kg soil and 48 mg P/kg 
soil respec t ive ly  showing the greater availabili ty of P in ULL2. ULL2 
is soil from a grazing paddock with a history of  inorganic  P 
fer t i l i sa t ion  which usual ly  imply contr ibutions to the available  P pool, 
i .e . ,  the N a H C 0 3-P. It could be implied from these results that ULL2
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has a high buffering capacity for P al lowing it to m ain ta in  the P 
solution concentration over the durat ion of  incubation.
Bolland and Baker (1998) reapplied phosphate  to soil samples that had 
received heavy applications 20 years earlier.  The response  curve 
showed there was little available phosphate coming from the original 
application, but its reaction with the soil increased the effectiveness 
o f  the newly applied phosphate. This could have implica t ions  for the 
use of biosolids as a P fertiliser where init ial applica t ions should 
make further additions of  fert iliser P more bioavailable .
5.3.1.3a Hydroxide extractable P
The OH -P  constituted the highest P fractions in both  soils suggesting 
the dominance of  strongly sorbed (chemisorbed) inorganic  P in the 
form of amorphous and crystalline Fe and A1 phosphates .  Values 
ranged from 200 -  300 mg P/kg soil (27 -  55% tot Pi) and 180 -  270 
mg P/kg soil (43 -  66% total Pi) in GNG (0-40) and ULL2 (0-10) 
respect ively.  The trends over the 90 days incuba t ion  per iod  are shown 
in Figures 5.4a and 5.4b. In the first 30 days o f  incubat ion ,  no 
observed changes in P levels were observed in both soils,  but  on Day
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Figure 5.4a. GNG (0-40) Hydroxide - P
Figure 5.4b. U112 (0-40) Hydroxide - P
90, it appeared that P levels in ULL2 had increased suggesting P 
could have been translocated from another P pool. The results
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suggested that in the GNG soil,  the absence  o f  soil so lu t ion  P after 
Day 0 (Section 4.3.1a) was due to im m obi l i sa t ion  by Fe and A1 
minerals  which are components included in the N a H C 0 3-P pool.
5.3.1.3b Sonicated Hydroxide Hydroxide -  P
Ultrasonif ica t ion  of  the soil in NaOH extracts  P held  at the internal  
surfaces o f  soil aggregates.  The trends (Figures  5.4c and 5.4d) were 
similar  to the OH-P except that  there did not seem to be elevated 
levels on Day 90 and levels remained re la t ive ly  constant .  This is 
more the expected observat ion because  P in this form would  be most 
stable as Fe and A1 soil minerals .  The concen tra t ions  d i f fe red  in the 
two soils, percentage  composit ion ranged from 4 to 11 in GNG (0-40) 
making it the third largest  fraction.  In ULL2,  son ica ted  NaOH-P
content const i tu ted 5 to 9% of the total inorgan ic  P.
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Figure 5.4c. GNG (0-40) Sonicate Hydroxide - P
Inorganic P 
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Figure 5.4d. ULL2 (0-40) Sonicate Hydroxide -  P.
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5.3.1.4. Dilute HCl - P
P extracted in this f rac t ion  is defined as Ca -  a ssoc ia ted  P. Contents  
in the two soils were in the same order o f  m ag n i tu d e  and the same 
percen tage  fraction (1 to 7%). These  would  be the smalles t  
components  i f  res in P and N a H C 0 3 were to be cons idered  as one pool 
i.e. the labi le  pool. Both soils are h ighly  weathered  and ac id ic  so the 
presence  of  any Ca-bound P minerals  wil l be m in im al .  The observed 
HC1-P content  is most l ikely the contr ibut ions  from the b ioso l ids .  The 
varia t ions  in HC1-P values (Figures  5.5a -  5.b) showed immedia te  
decreases form Day 0 to Day 10 in all t rea tm ents  and in bo th  soils.
Figure 5.5a. GNG (0-40) dilute HCl - P
Inorganic P 
content
(mg P/kg soil)50  
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Figure 5.5b. ULL2 (0-10) dilute HC1 -  P
The GNG soil did not appear to contain any HC1-P after Day 10. ULL2 
showed concentra tions  increasing to a peak on Day 20 before 
decreas ing  to unamended concentrations which continued to Day 90.
5.3.1.5 Hot HC1-P
Hot concentra ted  HC1 was used to extract  most of  the organic and 
inorgan ic  res idual  P in more weathered soils (Tiessen and Moir, 
1993). No inorganic  P could be rel iably determined in these fract ions 
in both  soils but  analysis for total P showed signif icant  amounts in the
2 2 0
GNG with levels be tw een  140 and 300 mg P /kg  soil.  C on ten ts  in 
ULL2 ranged from 60 to 100 mg P/kg soil.  The  im p l ic a t io n s  from 
these results  are that  P in these f rac t ions were  m o s t ly  o rg an ic  P.
5.3.1.6 Residue P
P in this f rac t ion includes the more chem ica l ly  s tab le  o rgan ic  P forms 
and re la t ive ly  inso lub le  inorganic  P forms. Fo r  the GNG soil,  this 
f rac t ion ranked second highest  after  N aO H -P  bu t  va lues  ranged  from 
130 -  450 mg P/kg soil while  for ULL2, the va lues  were  be tw een  7 
and 64 mg P/kg soil. Var ia t ions  in the r es idue-P  f rac t io n  o f  the  GNG 
soil (Figure  5.6a) showed highes t  va lues  on Day 0 fo l low ed  by 
decreases to Day 10 then s tab i l is ing  until  Day  90. For  U L L 2,  (Figure 
5.6b) there were s l ight  increases to Day 10, fo l lo w ed  by decreases  to 
Day 30. After  Day 30, the res idue-P  ap p ea re d  to be accum ula t ing
towards day 90.
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Figure 5.6a. GNG (0-40) P residue
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5.3.2 Organic P (Po)
Varia tions for Po in the treated soils t l  to t3 were s imila r  so, t3 only 
will be compared to tO and the results are i l lus t ra ted  in F igures  5.7a to 
5.7h. The Po fractions extracted by N a H C 0 3 in both soils (Figures 
5.7a and 5.7b), showed that concentra t ions in the unam ended  soil 
increased substant ia l ly  during the first 30 days o f  incubat ion  before 
they stabilised. Concentrat ions in the t reated soil increased  in a 
similar  way to tO but after Day 30, it showed a decreasing  trend. It 
could be implied that Po was changed through other  p rocesses  the 
most obvious being mineral isa t ion from organic  to inorganic  P forms. 
Bowman and Cole (1978) reported that N a H C 0 3 ex trac tab le  P is easily 
mineral isable  and contr ibutes to plant  avai lable  P.
While initial increases o f  Po content  were not  as obvious  in the 
hydroxide fractions (Figures 5.7c and 5.7d), the decreases  were more 
pronounced. Similar  decreases were observed  in the sonicated
hydroxide Po fractions after initial  increases  in the  f irst  30 days 
(Figures 5.7e and 5.7f).  The concen tra t ion  o f  Po in the hot  HC1 
fractions were higher  in the GNG soil than  in the ULL2 soil (Figure  
5.7g and 5.7h). For the GNG soil, there  were in it ia l  increases  to Day
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20 fo l lowed by sl ight decreases to Day 30 then concentrat ions 
s tab i l ised  to Day 90 while for ULL2, not much variation was 
observed.
The var ia t ions  observed  on the organic P fractions tend to ref lect  the 
var ia t ions  in C 0 2 evolut ion showing soil resp ira t ion  (Figures 5.4a and 
5.4h) where  the in it ia l  increases peaked on Day 20 before stabilising 
to Day 90. The reduct ion  in the microbial  biomass (Section 4.4) after 
Day 30 also appeared  to affect organic P; a reduction in biomass 
re f lec ted  a corresponding  decrease in organic P. The data in this 
s tudy tend to suggest  that incubation o f  biosolids amended soils, 
resul ts  in P being  transformed to organic P in the first 30 days of 
incuba t ion  fo l lowed by a net loss which may be due to mineral isa t ion 
or chemical  changes (Hedley et al., 1982).
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Figure 5.7a. GNG (0-40) Organic P in N aH C 03 fraction
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Figure 5.7b. ULL2 (0-10) Organic P in N aH C 03 fraction.
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Figure 5.7c. GNG (0-40) Organic P in NaOH fraction
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(mg P/kg soil)
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Figure 5.7d. ULL2 (0-10) Organic P in NaOH fraction
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(mg P/kg soil)









Figure 5.7e. GNG (0-40) Organic P NaOH (sonicate) fraction .
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Figure 5.7f. ULL2 (0-10) Organic P in sonicate NaOH fraction
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Figure 5.7g. GNG (0-40) Organic P in cone HC1 fraction
Figure 5.7h. ULL2 (0-10) Organic P in cone HC1 fraction
Organic P content 
(mg P/kg soil)
2 2 8
5.3.3 CHC13 released extractable P
The difference in the total P of  .the b ica rbonate  ex trac ted  fraction,  
(fumigated -  unfumigated) provided an ind ica t ion  o f  the microb ia l  P 
present  in the soil. The experimental  value is 40 % o f  m ic rob ia l  P in 
the soil (Hedley et al., 1982). Table 5.3 shows some microbia l  P 
values calculated from some of  the days of  incubat ion .  No apparent  
trend could be observed but most values were comparable  with  those 
obtained for soils from the Ap and Bm horizons  that  received 
treatment with cel lulose, N and P, and were incubated  for 9 months by 
Hedley et al. (1982); concentrations for the Ap soil ranged from 24 - 
28 mg P/ kg soil and the Bm soil ranged from 10 -  14 mg P/ kg soil.
Table 5.3. Calculated microbiol P on specified incubation days
(mg P/ kg soil)
Day 0 Day 10 Day 20 Day 90
GNG (0-40)
to 9 12 8
tl 3 7 18
t2 15 15 17
t3 15 19 8
ULL2(0-10)
to 28 17 17
tl 40 14 21
t2 15 14 18
t3 34 10 34
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5.3.4 Translocation of P fractions during incubation
The t rans loca t ion  o f  the various inorganic  P fractions was 
inves t iga ted .  The percen tage  of  each fraction were determined as % of 
to ta l  inorganic  P and the results are i l lus t ra ted  on Figures 5.8a to 
5.8d.
(a) GNG (0 -  40)
For tO on Day 0, about 55 %  of  Pi was in the residual  fraction and 27 
% was in the NaOH-P fraction.  The rest o f  the fractions were 
d is t r ibu ted  in the order  :N a H C 0 3-P>HCl - P  >sonicate  NaOH >resin-P. 
On Day 10, NaOH-Pi  had increased substant ia l ly  (46%) at the expense 
o f  res idual-P  (35%). A decrease was observed in HC1-P while 
son ica ted  NaOH increased.  After  Day 10, there appeared to be no 
subs tan t ia l  t rans loca t ion  between the P fract ions except for the 
N a H C 0 3- P  which appeared to continue decreasing.  The distr ibut ion 
in t3 showed a s imilar  trend as that  observed in tO. On Day 10, 
N aO H -P  increased  by 9 %  to 46 %  while res idual  P decreased by 4% 
to 33 %. N a H C 0 3-P was observed to be decreasing towards Day 90.
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Figure 5.8a. GNG (0-40)Variations in % Pi fractions in tO
percentage
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Figure 5.8b. GNG (0-40) Variations in % Pi fractions in t3
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Figure 5.8c. ULL2 (0-10) Variations in % fractions in tO
percentage 
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Figure 5.8d. ULL2 (0-10) Variations in % Pi fractions in t3
p e r c e n ta g e
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(b) ULL2 (0 -  10)
On Day 0, ULL 2 contained about 46 % NaOH-Pi which increased to 
57 % on Day 10 at the expense of N a H C 0 3 -  Pi which decreased from 
28 % to 14 %. It appeared to remain at 14 % to Day 90. Resin- P and 
sonicated NaOH did not show much variation during the incubation 
period. On Day 30, the increases in NaOH appeared to be at the 
expense of  residual P in both tO and t3. On Day 90 the data showed 
that residual P fractions increased.
5.4 Conclusions
The main interest of  this study was to observe how biosol ids  P added 
to soil were distributed and transformed into the various fractions of  
the soil P over the incubation period. In the absence of  a procedure  
that would enable identificat ion of individual P compounds,  sequential 
fractionation using chemical extractants se lectively dissolved discreet 
groups of  P compounds to allow interpretat ions.
In both soils, the concentrations of P fractions increased  with P 
applications but the levels and the react ions which seem to be
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contro l l ing  P dynamics differed. The proport ions of  resin P and labile 
P indicat ing  plant avai labili ty were two times more in the ULL2 soil 
than in the GNG soil. The behaviour o f  the resin and labile-P pools 
were more pronounced in the GNG soil; the labile P in t3 for the GNG 
soil decreased by 75% between DO and D90 while the decrease in in t3 
for ULL2 was 60%. The difference in behaviour could be due to the 
fact that ULL2 has a high P buffer ing capacity due to the high 
avai lable  P native to the soil.
In form at ion  on fractionation of P in soils that have received biosolids 
t rea tment  has been reported.  Sui et.al.(1999) found P fractionation of 
a surface layer (0-5 cm) of  a Mollisol which had received biosolids 
annually  for 6 years showed the relative concentration order in the P 
pools as:NaOH-P> N a H C 0 3-P = HCl-P>water soluble-P>residual-P.
Rydin and Ottabong (1997) observed that residual P increased 
s ign if ican t ly  while NaOH-P and HC1-P remained at approximately  the 
same level.  Results  obtained in this study found the order of the 
p ropor t ion  o f  inorganic  P in the GNG soil was greatest in the more 
stable fract ions like the NaOH-P or residual-P. The order in GNG was 
NaOH-P > residue-P > dilute HC1-P > resin-P > N a H C 0 3.
In the ULL2 soil, the order was :
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NaOH-P > N a H C 0 3-P> resin-P > residue-P > di lu te  HC1-P
Changes in the relative concentrations of  the soil P f rac t ions  over the 
incubation period suggest that P t ransformation was con t inuously  
occurring as a result o f  biosolids amendment. Rydin and Ottabong  
(1997) reported that P release was more pronounced during the first 20 
days than later. This study agreed with findings by Rydin and 
Ottabong (1997), that incubation increased res idual  P at the expense 
o f  labile-P. These results  showed that in the GNG soil,  re lease  of  
labile P reached a peak on Day 20 of  incubation which  tends to relate 
to microbiological  act ivity shown in Figures 4 .2a-4 .2c .  After  Day 20, 
labile P decreased, possibly  through chemical  t rans fo rm at ion  into the 
NaOH-P or residual-P fractions. The fixation by Fe and A1 
oxyhydroxide mineral  surfaces is probably the importan t  factor  in the 
t ransformation to NaOH and residual  P. Hedley et a l . (1982)  also 
reported that incubation increased the amount o f  NaO H -P and residual  
P. Sui et al. (1999) observed the same results  in a field soil t reated 
with biosolids.
In contrast to results o f  this study, Rydin and Ottabong ,  (1997) 
reported a decrease in NaOH-P resulting in a subs tan t ia l  P re lease
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which  they explained was lost to HC1-P. Results from this study found 
that  HC1-P increased on addition of biosolids implying that Ca-P was 
presen t  in the biosolids. At DIO, HC1-P had decreased by about 60% 
o f  HC1-P total.  Even though there was a rise at D20, levels were low, 
and, at most , < 2% of  total inorganic P during the incubation period. 
The low soil solution pH (section 4.3.1) was most l ikely the 
contro l l ing  factor for HC1-P, causing dissolution of  Ca-P minerals.
Sui et al. (1999) hypothesized that HC1-P applied with biosolids was 
t ransfo rm ed  to more labile forms as a result  of  low pH of  the biosolids 
t rea ted soil.
There  were litt le differences between Pi and Po in the ULL2 soil, but 
d i f fe rences  in the GNG soil were by a factor of  3. Variat ions in the Po 
pool  were not very conclusive in this study but trends seem to indicate 
decreases in Po pools of  both soils in the N a H C 0 3 and NaOH fractions 
while  the hot HCl-Po remained stable. The order of  relative 
propor t ions  of  Po in both soils was the same; highest fract ions were 
found in the hot HC1-P and lowest in the sonicate NaOH-P pool : i.e., 
cone HCl-Po >NaOH-Po > N a H C 0 3- Po >sonicate-Po. The hot HC1 
- P o  represent  Po that are in bound in stable Fe and Al minerals.
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While  there was an observed decrease  in the N a H C 0 3-Po from Day 30 
to Day 90, it was fel t that calcula t ing  a ra te  o f  m in e ra l i s a t io n  from 
two days would not be conclusive know ing  there  could  be var ia t ions  
be tween a per iod  of  two months. A regu la r  sam pling  schedu le  every  10 
days would have been better  E x tending  the in cu b a t io n  pe r iod  after  
Day 90 until  all C 0 2 evolut ion ceased would  have  been  better .  A 
longer  incuba t ion  might  allow be t ter  o b se rv a t io n  o f  changes  and 
m inera l i sa t ion  o f  Po
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Chapter 6
Solid Phase Spéciation of Copper and Zinc in Soils Treated 
with Biosolids.
6.1 Introduction
The trace metal status of soils has always been a subject of scientific 
in terest,  but the importance of such studies has been brought to the 
fore because  of  concerns about heavy metals being potential toxic 
contaminants ,  not only to plants, but also to human health. As a 
resul t,  guidelines have been set on acceptable pollut ion levels of and 
cri t ical  load to soils and sediments, e.g., USEPA, 1992. It has been 
recognised  that a knowledge of the chemical forms or spéciation of 
trace metals in soils allows a better understanding of the 
environmental  controls that should be in place while acknowledging 
the importance of  trace metals in agricultural chemistry (Darmawan 
and Wada, 1999).
Land disposal  o f  treated biosolids for agricultural  purposes is now 
more  acceptable because of  the potent ial as ferti liser materials and
soil condit ioners.  An important aspect of  selecting biosolids for
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agricultural  use is the b ioavailab il i ty  o f  heavy metals.  The fate of 
metals bound to biosolids has been found to depend on soil type, pH 
and biosolid  propert ies  (Hooda and Alloway, 1993). It has been 
demonstrated, however, that metals incorpora ted  into soils with 
certain commercial  ferti lizers and soil condit ioners  like b ioso l ids  may 
inhibit  organic matter decomposition because of  their  negat ive  effects 
on microbia l  activity (Hattori,  1992). The toxic i ty  o f  heavy metals  to 
plants has been a subject o f  extensive research (De Vil la r roel  et al, 
1993).
Invest igating the various forms o f  metals  and their  spécia t ion is 
considered important  for assess ing the effect  o f  na tura l  ionic 
environments, application o f  fer t i lisers , and disposal  o f  wastes like 
biosolids ,  on the mobil ity, b ioava i lab i l i ty  and tox ic i ty  o f  metals. 
Trace metals  are part icularly  important  because sl ight  changes in 
availabili ty  can cause these elements to becom e e ither  toxic  or 
deficient for plants (Almas et al., 1999).
Organic complexes have been long recognised  to have an impact  on
the solubili ty and the subsequent m ovem ent  o f  m eta ls  in soils 
(McBride et al., 1997). As a resul t  o f  their  po ten t ia l  im pact  on the
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fate o f  metals , b iosol ids  and biosolids-amended soils have been widely 
inves t igated ,  but  organic materials derived from soil or biosolids are 
extremely heterogeneous with a variety of compounds and functional 
groups. McBride  (1994) stated that metal selectivity  for organic 
mat ter  depends on a number of factors including:
• The level o f  adsorption on the organic matter;
• The chemical  nature o f  the organic ligands, i.e., the type of 
funct ional  group;
• The pH at which adsorption is measured;
• The ionic strength of  the solution in which adsorption is measured.
Soil organic matter  contains many different  types of  functional groups 
that  bond with metals. It has been suggested that functional groups 
such as hydroxyl  (-OH),  carboxylic acid (- COOH), sulphonic acid (- 
S 0 3H), and amide (-CONH2) in biosolids can be involved in binding 
(Han and Thompson,  1999).
Most studies on the transformation of trace metals into different  metal 
species in b iosol ids  amended soils have been carried out in temperate 
countr ies  (McLaren and Crawford, 1973; Sposito et al., 1982;
Sadovnikova  et al., 1996; Luo and Christie, 1998; Kabala and Singh,
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2001). Litt le information is available  on the fate o f  t race  metals in 
tropical soils which should be a cause for concern consider ing  the 
environmental conditions that prevail in the t ropics,  e.g., heavy 
rainfall which enhances leaching (Lamy et al., 1993; McBride,  1998), 
higher temperatures and low pH which favour metal  so lub i l i ty  (Harter 
and Naidu, 2001; Vulkan et al., 2002).
One method for studying speciation of metals  and changes therein  is 
by the use of fractionation techniques (McLaren and Crawford,  1973; 
Sposito et al., 1982; Sadovnikova et al., 1996; Luo and Christ ie ,  1998; 
Kabala and Singh, 2001). Fractionation procedures  have not been 
standardised but most studies are based on the m ethod  proposed by 
Tessier  et al., (1979), which delineates the metal  species sequential ly
as Fl-exchangeable ,  F2- carbonate bound, F3- Fe and Mn
oxyhydroxide bound, F4- organically  bound, and F5- residual.
Modifications have been proposed by subsequent  researchers  which 
differentiated Fe and Mn oxyhydroxide bound species into three
dist inct  fractions: (i) easi ly-reducible  metal  oxyhydrox ide  bound; (ii) 
amorphous metal oxyhydroxide bound which inc luded  metal  oxides 
that are bound to organic complexes as well as am orphous  inorganic  
metal oxides and (iii) crystal line metal  o x y h y d rox ide -bound  species.
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S ince  the  soils  used  in this  s tudy conta ined  Fe and A1 o x y h y d ro x id es  
in  the  sho r t  range  o rder  and c rys ta l l in e  m inera ls ,  it was th ough t  that  
a t t e m p ts  should  be m ade  to se lec t ive ly  rem ove  Cu and Zn that  m igh t  
be  a s so c ia te d  w i th  Fe and A1 in (i) o rgan ic  com plexes ,  (ii) short  range  
o rd e r  and (i ii)  c rys ta l l ine  m inera ls .  It was for these  reasons  that  the 
f r a c t io n a t io n  p ro c e d u re  used  in th is  s tudy fo l low ed  that  used by 
K r i s h n a m u r t i  et a l . (1995) .
In th is  s tudy ,  two b io so l id s  am ended  soils were  sub jec ted  to a series 
o f  w e t t in g  and d ry ing  cycles  to s im ula te  na tura l  cond i t ions  that  soils 
are  e x p o sed  to spec i f ica l ly  ra in  and sun. This  was fo l low ed  by 
s e q u e n t i a l  f rac t io n a t io n  o f  Cu and Zn in the amended soils.  Cu and Zn 
are  r e l a t iv e ly  abundan t  in b ioso l id s  (Baker  and Senft ,  1995) and are 
u s u a l ly  needed  by  p lants  in small amounts ,  hence  a s ign i f ican t  
p r o p o r t i o n  has to be  accounted  for. Am ong  heavy  m eta ls  in b ioso l id s  
th e re  is a lways w idespread  concern  about the en v ironm en ta l  
s i g n i f i c a n c e  o f  Cu and Zn as toxic  m eta ls  when they  accum ula te  in 
soi ls .
T h u s  the  ob jec t iv e s  o f  this s tudy were :
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(i) to compare the distr ibution of  Cu and Zn in soils dominated by 
Fe and Al oxyhydroxide minerals  and factors  a ffec t ing  their 
distr ibution
(ii) to investigate the behaviour of  Cu and Zn in the same soils 
when amended with biosolids.
6.2 Materials and methods
6.2.1 Soil and Biosolid Characteristics
Descriptions of  the soils used in this study are p resen ted  in Section
3.2 while  that o f  the biosolids is given in Section 4.2.2.
6.2.2 Experimental
6.2.2.1 Soil treatment with biosolid
The two soils, GNG (0 — 40) and ULL2 (0 — 10), were t rea ted with 
biosolid  at rates similar to treatments 1 and 3 as for the incubation 
experiments (Section 4.2.2.3),  in 3 repl icates.
Treatment 0 (tO) 
(0 g/100 g soil)
Treatment 1 (t 1 ) 
(0.5 g/100g soil)
T rea tm en t  3 (t3) 
(1 .5g /  100g soil)
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D eion ised  water  was added to the soil mixture  in an open flask until  it 
was well sa turated,  fo l lowed by drying in an oven at 40°C. The 
w e t t ing  and drying cycle was repeated 13 times more;  each cycle took 
about  24 hours to complete . At the end o f  the last cycle the soil was 
m ixed  thoroughly ,  w i thout  grinding or mixing,  to a homogeneous 
form.
6.2.3 Metal Spéciation by Fractionation
The soils were then subjected to a fract ionation process  for Cu and Zn 
as shown in Figure  6.1.
Fraction 1. Exchangeable (0.1 mol/L M gCl2, pH 7)
Soil  ( < 2 m m ,lg )  was weighed  in a 50 mL centr ifuge tube. MgCl2 (10 
mL) was then added and the tube shaken for 1 hr, then centr ifuged at 
12000 rpm for 10 min. The supernatant  was decanted into a 50 mL 
v o lu m e tr ic  flask. The res idue  was washed with 10 mL deionised water 
and the supernatan ts  were combined then made up to volume.
Fraction 2. Carbonate bound (1 mol/L  NaOAc, pH 5 us ing  Acetic acid)
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To the residue from Step 1, sodium aceta te  (25 mL, 1 m ol/L )  was 
added and the solut ion adjusted to pH 5 with acetic  acid. The tube was 
shaken for 6 hr at 25° C, centr ifuged, decanted,  r insed ,  and the 
supernatants  combined and made up to volume (50 mL) w ith  water .
Fraction 3. Fe and A1 organic complexed bound (0.1 m o l /L  
Na4P2O7.10H2O, pH 10)
The soil residue from Step 2 was resuspended  in 30 mL sodium 
pyrophosphate, shaken for 20 hrs, and then t rea ted  as before .
Fraction 4. Easily reducible metal oxyhydroxide bound (0.1 mol /L 
NH2OH- HC1 in 0.01 mol/L H N 0 3)
To the soil residue from Step 3, 20 mL h y d ro x y lam in e  hydroch lo r ide  
was added. The tube was shaken for 30 m inutes  then the solut ion 
separated as before.
Fraction 5. Organic bound
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Trace  metals  m ay  be bound to various forms of  organic mat ter  
inc lud ing  l iv ing organisms,  detr itus, humic  and fulvic acids (Tessier  
et al., 1979).
A volum e o f  3 mL o f  H N 0 3 (0.02 mol/L) and 5 mL of  H2O2(30%), 
ad jus ted  to pH 2 with H N 0 3 were added to the soil residue from Step 
4, and the tube heated  in a water bath at 85°C with occasional  shaking 
for  2 hrs. A second 3 mL aliquot of  H20 2 (30% ,pH 2 with H N 0 3) was 
added and the samples were heated in a water bath at 85°C for 2 hrs 
w ith  in te rm i t ten t  agitat ion.  After  cooling,  5 mL o f  NH4oAc (3.2 
m ol/L )  p repared  in 20% H N 0 3 was added, then the samples were 
shaken for 30 min, centr ifuged and the solut ion separated as before.
Fraction 6. Amorphous mineral colloid-bound.
(0.2 m o l /L  (NH4)2C20 4 pH 3/ Oxalic acid)
The soil res idue  from Step 5 was resuspended in 10 mL of ammonium 
oxala te  and shaken for 4 hrs at 25°C in the dark. Then suspensions 
were  then trea ted  as above.
Fraction 7. Crystalline Fe oxyhydroxide-bound (0.2 mol/L 
(N H 4)2C20 4 pH 3/ oxalic  acid (0.1 mol/L) ascorb ic  acid.
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25 mL o f  am m onium  oxala te  was added to the  r e s id u e  f ro m  Step  6 and 
the soil suspens ion  was hea ted  w i th  i n t e r m i t t e n t  sh a k in g  in a water  
ba th  at 95°C for  30 m inu tes  then t rea ted  as b e fo re .
Fraction 8. Residual Cu and Zn (H y d ro f lu o r i c  ac id  and  P e r c h l o r i c  acid 
d ig e s t io n )
The soil res idue  from Step 7 was t r a n s fe r re d  to a p l a t i n u m  cruc ib le .  
H C 1 0 4 (2 mL) and HF (10 mL) were  added  and the  soil  d ig es te d  to 
near  dryness.  A fu r ther  1 mL H C 1 0 4 and 10 m L  HF w e re  added  and 
the d iges t ion  rep ea ted  to near  d ryness .  A f ina l  1 mL H C 1 0 4 a lone  was 
added and evapora ted  unt i l  w hi te  fumes ap p ea red .  T h e  r e s id u e  was 
then d isso lved  in HC1 (12 m o l /L ) ,  and d i lu te d  to 25 m L with
de ion ised  water.
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Figure 6.1. Fractionation/ Spéciation Sequence used in this study
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6.2.4 Total copper and total zinc
Tota l  Cu and tota l  Zn content  in the soils  and  the b io s o l id  am ended  
soils  were  de te rm ined  by first  o x id is in g  the  o rg an ic  m a t t e r  fo l low ed  
by wet acid d iges t ion  (Becquere l  L ab o ra to ry ,  Lucas  H e ig h ts ,  NSW ).  
The total  Cu and Zn in the b ioso l id s  were  d e te r m in e d  by  m ic ro w a v e  
d iges t ion  using n i t r ic  acid and h y d ro ch lo r ic  acid (A q u a  R eg ia ) .
6.2.5 Cu and Zn determination
The concen tra t ions  o f  Cu and Zn in the ex trac ts  w ere  d e te rm in e d  using 
f lam e  AAS while  total  e lem ents  were  ana lysed  u s ing  an IC P /A E S .
6.2.6 Treatment of results
The resu l ts  are repor ted  as averages  o f  th ree  r e p l i c a te s .  A rec o v e ry  
tes t  to examine  the accu racy  o f  the  se q u en t ia l  s c h e m e  was no t  done, 
how ever ,  recovery  was assessed  by  c o m p a r in g  the  to ta l  o f  all f rac t io n s  
w ith  the total  de r ived  from separa te  ana lys is  o f  the  soil  and the  t rea ted
soil ;  this  is shown in T ab le  6.2.
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6.3 Results  and Discussion
6.3.1 Biosolids and Soil Properties
The p roper t ies  o f  the soils under study are shown in Tables 3.2 and 
3.7. The total  Cu and Zn content  for the soils used are shown in Table
6.1 Table  6.3 presen ts  the levels o f  Cu and Zn in the biosolids 
f rac t ions  and also compares the recoveries  made when subjecting the 
b ioso l id s  to sequentia l  fractionation.
Table 6.1. Total content of Cu and Zn in the soils and biosolids
Cu (mg/kg) Zn (mg/kg)
Soil X- GNG(0-40) 41 44
Soil Z- U LL2(0-10) 56 57
Bioso l ids 1544 1318
Table 6.2. Recoveries of Cu and Zn (mg/ kg) in the sequential fractionation of 
soil treated with biosolid
T o t  of  Cu 
f r a c t i o n s
T o ta l  Cu 
a n a ly s i s
To t  of Zn  
f r a c t io n s
T o ta l  Zn 
ana lys i s
GNG (0-40) tO 61 41 51 44
tl 190 162 93 83
t3 210 180 112 101
ULL2(0-10) tO 65 56 45 57
tl 76 68 61 72
t3 154 155 99 77
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Table 6.3. Cu and Zn fractions in the biosolids (mg/kg)
F 1 F 2 F 3 F 4 F 5 F 6 F 7 F 8 Tot F Totals
Cu 72 207 673 14 425 45 11 11 1458 1544
Zn 163 656 499 11 64 12 16 15 1436 1318
Notes
(a) F 1 to F 8 denote Fraction 1 to Fraction 8
(b) Tot F indicate the sum total of all fractions while Totals are the total Cu and 
Zn content of the biosolid analysed separately.
Data  rep resen t ing  the d i f fe ren t  f rac t ions  o f  Cu and Zn m e a su re d  in 
this  w et t ing  and d ry ing  exper im en t  are show n in F ig u re s  6 .2a  to 6.2d. 
The resul ts  show that  add i t ion  o f  b io so l id s  in c re a s e d  the  c o n c e n t r a t io n  
o f  Cu and Zinc in the soil f r ac t io n a t io n  in p r o p o r t i o n  to the  am ounts  
added,  i .e . ,  h ighes t  con cen tra t io n s  were  d e te rm in e d  in so i ls  w i th  the 
h ighes t  b ioso l id s  t rea tm en t .
The resu l ts  ind ica ted  that  res idua l  f rac t io n s  c o n s t i tu t e d  the  m a jo r  
f rac t ions  for bo th  m eta ls  - Cu va lues  w ere  b e tw e e n  34 and 46% , and 
Zn from 44 to 72 %. S tudies  ci ted by  L ak e  et al. ,  (1984)  show ed  
low er  res idua l  va lues  for b io so l id s  a m en d ed  so i ls  t h a n  th o se  o b ta in ed  
in this study; Cu ranged  b e tw een  19 -  24%  and Zn  2 8 -3 5 % .
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Lake  et al. (1984) also reported that while there were reduct ions in 
res idua l  forms o f  Cu and Zn following biosol ids  applications,  the 
un am en d ed  soils contained very high residual  fractions of  Cu (65­
82%) and Zn (92-96%).  These values were much higher than those for 
the  unam ended  soils in this study where Cu and Zn residues were 
be tw een  37 - 44% and 52 -  55% respectively.
Sposi to  et a l . (1982)  observed that applicat ion of  biosolids to soils 
genera l ly  caused a shif t in solid-phase metal forms from residual  to 
those  extrac table  with milder  reagents.  Such a situation appeared to 
occur  only for Cu in ULL2 (0-10) where the unamended value was 
37% and decreased  to 33% following biosolids treatment. The Zn 
f rac t ion  for ULL2 (0-10)  also decreased due to biosolids application 
but  only for the lower soil : biosolids (200 : 1) treatment  (see later
d iscussion) .
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Figure 6.2a. Distribution of particulate-bound Cu in GNG(0-40)
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Figure 6.2c. Distribution of particulate-bound Zn in GNG(0-40)
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Figure 6.2d. Distribution of particulate-bound Zn in ULL2 (0-10)
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6.3.2 D i s t r i b u t io n  of C o p p e r
The sequential  extraction indicated  that  most  o f  the non -  res idual  Cu 
was in the organic complexed metal  f ract ions with va lues  ranging 
from 17 -  26% for all t reatments ,  in both soils.  Residual  f rac t ions  in 
GNG (0-40) were greater than ULL 2(0-10).  M cB ride  and Blasiak 
(1979) reported that both Cu and Zn show an a ff in i ty  for 
oxyhydroxides o f  Fe and Al. The Fe and A1 conten t  (Table  3.7) 
extracted by oxalate and by cit rate  d i th ionate  ex trac t ions  show higher 
levels in GNG (0-40) than in ULL 2(0-10).
In the unamended soil,  the Cu was dis tr ibuted in the order:
Fe and Al organic complexes > c rysta l l ine  Fe oxide bound  which 
appeared to have similar  content  with organic  com plexed  Cu > 
amorphous mineral  colloid. Cu in the carbonate  bound  f rac t ion  was < 
1% and in the easily reducible  metal  oxyhydrox ides  was < 2%. No Cu 
could be detected in the M gCl2 exchangeable  f rac t ion .  A s im ila r  order 
o f  d is tr ibut ion was reported by M cLaren  and C raw fo rd  (1973) . 
Chemical  forms of  metals  in b iosol ids  in f luence  the i r  b e h a v io u r  when 
applied to soil (Mbila et al., 2001) imply ing  that  the h ig h es t  Cu levels  
in b iosol ids  will be found in the organic  complexes .
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Even  though  the actual  content in the fractions increased,  the 
d is t r ibu t ion  o f  Cu in GNG (0-40) following amendment in t l  was the 
same as tO but  a defin i te  change was seen in t3 where the order o f  the 
3 m ajor  f rac t ions  was observed to be : Fe and A1 organic complexes > 
organic  bound  > crystal line Fe bound. The rat ios o f  biosolids to soil 
were  1 : 200 and 1 : 67 in tl  and t3 respect ive ly  which could explain 
the d i f fe rence  in the soil behaviour because of  the higher loading of 
organ ic  m at ter  in t3. Various studies have reported significant 
increases  in Cu content of  organic complexes with increased rate of 
b ioso l ids  applica t ion  (Sposito et al., 1982; Lake et al., 1984; Mbila et 
al.,  2001).  An observat ion of  the Cu fractions in the biosolids tend to 
suggest  that the Cu distr ibution in the amended soil reflect  the Cu 
d is t r ibu t ion  in the biosolid . The order o f  Cu distr ibut ion in the 
b ioso l ids  was: Fe and Al organic  complexes (46 %) >Organic bound 
(29 %) > Carbonate  bound (14 %) > Ex Cu (5%).
Several  s tudies  o f  heavy metal adsorpt ion of  individual  components 
such as fu lv ic  and humic  acids in organic matter ,  s il icate minerals,  
e .g.,  m on tm o r i l lo n i te  and kaolinite ,  oxyhydroxides  of  Fe, Al and Mn 
have  ind ica ted  re la t ive ly  strong bonding  and high capacities o f  the
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various mater ia ls  to adsorb Cu (Barrow et al.,  1981; Fu et al., 1991; 
Wu et al., 1999). C u 2+ complexes  with a h igh  d eg ree  o f  se lec t iv i ty  on 
po lyphenol ic  groups o f  soil organic  m at te r  (M cB r id e ,  1994). The 
complexa t ion  occurs at pH 4 to 6 and is shown in a two step react ion  
below:
6.3.2.1 E x c h a n g e a b l e  Cu
The absence of  Cu in the exchangeab le  f r ac t io n  was re f lec ted  in the 
behaviour  o f  Cu in the soil solu t ion  in the same p e r io d  o f  t ime, i .e. ,  
the first two weeks o f  soil and b ioso l ids  in c u b a t io n  (S ec t io n  4.2.3 and 
Table  6.2). Trace  metals  l ike Cu are s t ro n g ly  re ta in e d  in the  solid 
phase  o f  the soil r esu l t ing  in low so lu t ion  c o n c e n t r a t io n s  (Hue,  1995).
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T ab le  6 .2 . C u con cen tra tion s in  so il so lu tio n  ex tra c ted  fro m  in cu b a ted  
b ioso lid s am ended soils
G N G (0-40)
DO D10 D20 D30 D60 D90
t o 0.017 <0.012 <0.012 0.013 0.020 0.019
t l 0.012 <0.012 <0.012 0.017 0.024 0.026
t2 0.017 <0.012 <0.012 0.024 0.034 0.022
t3 0.013 <0.012 <0.012 0.021 0.041 0.035
U L L 2 (0 -1 0 )
to 0.015 <0.012 <0.012 0.076 0.053 0.069
t l 0.021 0.014 <0.012 0.054 0.097 0.061
t2 0.014 0.014 <0.012 0.075 0.092 0.055
t3 0.022 0.016 0.016 0.032 0.150 0.069
G enera l ly ,  metal  cations that bond most s trongly to soil organic matter  
tend  to be most rap id ly  adsorbed. These s trongly bonding  metals are 
m o s t  s lowly desorbed with dissociat ion from surfaces being several 
o rders  o f  m agni tude  slower than adsorption.  On the basis of  the 
d is t r ib u t io n  coeff ic ients  (Kd), which represent  the sorpt ion aff ini ty  of
m e ta ls  for  the solid phase, Cu general ly  ranks third:
i .e . ,  Cr > Pb > Cu > Cd > Ni > Zn.
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McBride (1994) observed the selectivity  sequence  o f  d ivalent  cat ion 
adsorption for humic substances as:
Cu > Ni > Pb >Co > Ca > Zn > Mn > Mg.
McBride (1994) explained that the metals  lis ted first  tend to form 
inner-sphere mult identate  complexes (coord ina te  d irec t ly  with 
functional groups) with organic matter  while  those  toward the end of 
the list are inclined to retain a hydration shell (outer-shel l)  and remain  
exchangeable.
6.3.2.2 Cu in Soil Solution
Table 6.2 shows the concentration o f  Cu in the soil solut ions o f  GNG 
(0-40) and ULL 2(0-10) over the 90 days incubat ion  o f  soil and 
biosolids (Section 4.2.3).
Both soil solutions contained Cu on DO, but  on D10 and D20, 
concentrations in GNG (0-40) decreased to be low  de tec t ion  limits. 
The observat ion made between D10 and D20 is suppor ted  by the 
results obtained from the frac t ionation  o f  the  b ioso l ids  amended soils 
subjected to wetting and drying cycles where  no exchangeab le  Cu was 
observed. The cycles lasted 14 days which  would  be com parab le  to
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carry ing  out the f rac t iona t ion  on the 14th day of  incubat ion(Chapter  
4). There  were increased  concentrat ions from D30 until  the end of 
in cu b a t io n  on Day 90. For ULL2(0-10),  resul ts  showed that 
concen tra t ions  decreased  to DIO. On D20, concentra tions  were below 
de tec t ion  l imits  but  resul ts  from D30 to D90 indicated increases.  The 
Cu concentra t ions  for tO on Day 0 in both soils were higher than 0.01 
to 0.06 pm ol/L  found in surface soils (Baker and Senft,  1995).
The observat ions  on DO of  both soils seems to ref lect  the observation 
by Lamy et a l . , (1993)  that rapid leaching o f  some metals  occurs 
im m ed ia te ly  fo l low ing  biosol ids  applications except that in this study 
there  was no leaching  because the soils were incubated in closed jars . 
In order  that  leach ing  occur, metals must  be first be in solution which 
was detected in the study. These results also support  the evidence 
p rov ided  by Hogg et al. (1993), that slow react ions exist between 
added Cu and soil that  reduce the abili ty of  Cu to desorb back into the 
soil  solution.  However ,  the results of  this research  seem to suggest 
tha t  Cu can becom e water  soluble, and therefore  b ioavailable ,  over
t ime.
260
There were no definite  trends in Cu concentra t ions  over the  incubat ion  
period. The results  tended to indicate  f luctuat ions in Cu content  in 
solutions. Baker and Senft (1995) reported that the act iv i ty  o f  Cu 
present in the labile and in the exchangeable  fract ions are not constant 
and therefore plant  uptake of  Cu is not well corre la ted  with amounts 
in the various fractions. McBride (1981),  cited in Baker and Senft 
(1995), reported that Cu2+ exists as chemisorbed or occluded  ions in 
soils conta ining appreciable  amounts o f  Fe and A1 oxyhydrox ides  with 
high specific areas and this renders low activity o f  Cu in solution.
An examination of  the trend in the soil resp ira t ion  (Sect ion  4.3.2) 
during the incubation period showed there was a bui ld  up in carbon 
dioxide around Day 30 indicating highest  microbio l  act iv i ty  leading to 
mineral isa tion which could in turn, lead to re lease  o f  Cu into the soil 
solution. In addition, the trend in b iomass  carbon, m easured  as 
dissolved organic carbon (Section 4.4), indicated that  after  Day 30, 
the microorganisms had died o f f  suggest ing  that  any organic  Cu 
incorporated as components of l iv ing cells could be re leased.  This  is 
consistent with the argument by McBride (1995) that  Cu is pr imari ly  
bound to organic matter  in mater ia ls  like b ioso l ids  and that  Cu 
bioavailabil i ty  should increase as organic  m at te r  decom poses .  The
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poss ib i l i ty  o f  the clay minerals disintegrating and releasing ions after 
D30 could also expla in  the elevated Cu concentration in soil solutions. 
The other observat ion  made in GNG (0-40) was that Mn became 
de tec tab le  in soil solut ion at the same time as Cu (Appendix 3). 
Organic  mat ter  and free Mn oxyhydroxide content are the most 
importan t  character is t ics  contributing to the specific adsorption of  Cu 
(McLaren  and Crawford 1973). The implications are that complexes 
be tween  Cu and organic matter  or Mn oxyhydroxides became unstable 
as a resul t  o f  low soil solution pH which could cause dissolution of  Cu 
complexes at the mineral surfaces through redox reactions. Organic 
complexes format ion  is promoted by high pH values (Sheppard and 
Thibault ,  1992) but as pH drops, so does the complex content while 
that  o f  Cu2+ increases (Sanders and Adams, 1987).
L i te ra tu re  cited by Vulkan et al. (2002), reported that stabil ity 
constants  o f  metal  complexes decrease as ionic strength increases. 
Ionic  strengths during the incubation o f  soil and biosolids increased 
cons iderab ly  (Table  4.3), e.g., the ionic strength for t3 of GNG (0-40) 
increased  from 15 mmol/  L(Day 0) to 44 mmol/  L (Day 30) to 123 
m m ol/  L (Day 9). Dudley et al., (1987) reported that Cu was
assoc ia ted  with soluble organic compounds throughout  a 30 week
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incubation .  In the f irst  4 weeks, Zn was found  p r im a r i ly  in f rac t ions  
conta in ing  amide funct ional  groups.  D u d ley  and his  co -w orkers  
de tected  soluble  Cu from Day 1 o f  incubat ion .  The m e th o d o lo g y  used 
was d if feren t  in that  at the end o f  each incuba t ion ,  sa tu ra t io n  pas tes  o f  
CaCl2 were  created fo l lowed by an equ i l ib ra t io n  p e r io d  o f  8 to 12 hrs 
before  the so lut ion was extracted  by vacuum  f i l t ra t ion .
6 .3 .3  D i s t r ib u t io n  o f  Z in c
Most o f  the Zn was found in the res idual  f rac t ion  in b o th  soi ls.  This  
is typical  for Zn found in na tura l  soils w here  m ost  is in un reac t ive  
forms in the crystal  la t t ices  o f  the m inera ls  (Shum an ,  1999). L ike  Cu, 
the next h ighes t  Zn frac t ions  were de te rm ined  in the  m eta l  organic  
complexes  (12 - 2 2  %, mean = 18 %) o f  the  to ta l .  In  con tra s t  to Cu, 
the third h ighes t  Zn f rac t ions were the ca rb o n a te  b o u n d  (5 -  14%, 
mean = 10%) fo l lowed by the organic  bo u n d  (5 -  8%, m ean  = 6.2%). 
Zn p resen t  in the exchangeab le  and am orphous  m in e ra l  co l lo id  phases 
each const i tu ted  2 — 5 % while  those  c o m b in ed  w ith  eas i ly  reduc ib le  
metal  complexes and crys ta l l ine  Fe o x y h y d ro x id es  ra n g e d  b e tw ee n  1 —
2 % .
263
The resu l ts  show that  the actual  Zn content in the fractions of  both 
soils in mg Zn/kg increased with application of  biosolids but the % 
com pos i t ion  o f  the fractions appeared to be redis tr ibuted after the 
addit ion  o f  b iosol ids .  For GNG (0-40), the % composit ion of  the 
f rac t ions  for the 1 : 200 treatment  showed decreases in Zn
concen tra t ion  while  % composit ion of  the organic  complexed metal 
and carbonate  bound fractions in the higher t reatment (1 : 67) showed 
increases .  For ULL2 (0-10) significant  increases were observed in the 
o rgan ic  complexed metal  fraction, carbonate bound and organic bound 
f rac t ions .  The metal oxyhydroxide fraction showed decreases while 
the %  exchangeable  Zn fraction remained the same. The results 
ind ica ted  that  addit ion of  b iosolids increased the % composit ion of the 
res idua l  fraction.
The observat ions  made on Zn distr ibut ion in the treated soil tend to 
suggest  the  inf luence  of  the Zn dist r ibution in the biosolids where 
h igh  contents  were obtained as Fe and A1 organic complexed bound 
and carbonate  bound. Zn dis t r ibut ion  in the biosolids was of  the order 
:Carbona te  bound (46 %) > Fe and A1 organic complexes (35 %) >
E x ch angeab le  Zn (11 %). .
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Results from fractionation of  120 profi les  from Z im babw ean  soils 
showed 6% of  the total Zn was present  in the oxyhydroxide  fraction 
(Tagwira et al., 1993). The value is s imilar  to that  obtained  in this 
study (7.3 % in the total o f  Fractions 4, 6 and 7). M cBride  and 
Blassiak (1979) showed that Zn had an a ff in i ty  for oxyhydroxides  of  
Fe and Al and organic matter,  but to a lesser extent  than Cu. Shuman 
(1988) also reported that organic matter  was an important  soil 
components in Zn retention. The results  from this s tudy tend to 
suggest that the distr ibution of  Zn in the f rac t ions  is strongly 
influenced by organic matter  because increases in Zn content  from 
biosolids addition are more obvious in organic fractions.
Shuman (1999) reported that Zn in the m anganese  oxyhydroxide  
fraction increased as a consequence of  b iosol ids  addit ion  but  such an 
observat ion was not made in this study. An exam ina t ion  o f  the 
fractions that are included in the oxyhydroxide  frac t ion  in this study 
revealed that Zn bound by easily reduced metal  oxide (Mn oxide) and 
crystalline Fe oxyhydroxide const i tu ted neg l ig ib le  levels ,  and 
increases could not be detected, suggest ing that  con tr ibu t ions  to the 
oxyhydroxide fractions are most ly  from the am orphous  minera l  colloid 
bound Zn present  as concret ions or as coat ings  on soil m ineral
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components .  It has been  shown that sorption by amorphous Fe and A1 
oxyhydrox ides  tend to control the trace metal  levels in soils 
(K r ishnam urt i  et al., 1995).
6.3.3.1 Exchangeable  Zn
U nl ike  Cu, Zn was present  in the exchangeable  fractions.  Adding 
indust r ia l  b ioso l ids  to the soils increased Zn in the exchangeable  
f rac t ion  (Shuman,  1999) which concurred with these results.  Studies 
by  Tagwira  et al., (1993) using MgCl2, repor ted  exchangeable  
(ava i lab le)  Zn comprised 14% of  total extracted which is higher than 
the average obtained in the untreated soil in this study. Lake et al., 
(1984)  reported  that  exchangeable  Cu and exchangeable  Zn may 
rep resen t  <1% of  total Cu, and total Zn respect ively.  Sposito et 
a l . (1982a)  reported  that 1.1 to 3.7 %  total Cu and Zn from field soils 
us ing  K N 0 3 were exchangeable ,  while studies using the same reagent 
by  Emm erich  et al., (1982b, as cited by Lake et al. ,1984) extracted < 
3% , which was in the same range as exchangeable  Zn extracted in this 
s tudy. The increase in exchangeable  Zn observed was more obvious in 
ULL 2(0-10).  Shuman (1999) argued that Zn added with organic 
m ater ia l  is more l ikely to be b ioavailable  in a soil low in clay and Fe
266
oxyhydroxides (Table 3.7) which favours ULL 2(0-10) more  than GNG 
(0-40) in this study in terms of  the lower  clay and Fe oxyhydroxide  
content.
6.3.3.2 Zn in soil solution
Under acidic, oxidis ing condit ions,  Zn2+ is one o f  the most  soluble  and 
mobile  of the trace metal cations. It does not complex t igh t ly  and is 
held in exchangeable  forms with clays and organic  m at te r  at low pH 
(McBride, 1994). Analysis o f  the soil so lu t ion  extracted  from 
incubated soils and biosolids in this study confi rm ed the presence  of 
soluble Zn in low concentrations (< 0.5 mg/L).  Zn avai lab i l i ty  in soil 
solution is markedly influenced by pH. The pH o f  soil so lution 
extracts in this study ranged from 3.5 to 5, which favour Zn solubili ty ,  
hence Zn is expected to be in solution. The low concen tra t ion  o f  Zn is 
probably due to solution Zn being complexed  by organic  materia ls .  
Natural  soil organic matter  and organic m at te r  added to contamina ted  
soils during remedia t ion both decrease Zn ava i lab i l i ty  to plants  
(Shuman, 1999). Soluble Zn is exchangeable  and b ioav a i lab le  and 
among the metals Zn has the highest  poten t ia l  for leach ing  (Hue
1995).
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The t rends  o f  Zn concen tra t ion  in the soil so lu t ions (Figure 6.3) reveal  
tha t  concen tra t ions  in the soil solut ion of  ULL2 (0-10) conta in  2 to 3 
t im es  m ore  so luble  Zn than soil solut ion o f  GNG (0-40). There  
appeared  to be decreases  in the soil solution Zn concentra tions of  the 
GNG soil dur ing  the first 10 days of  incubat ion  which appear to 
re f lec t  the low exchangeable  Zn obtained from fractionation.  It 
should  be noted  that  frac t ionat ion  was done after 14 wetting and 
d ry ing  cycles which would be comparable  to 14 days of  incubation 
sugges t ing  a s im ila r i ty  in Zn behaviour  with in  the similar  time period.
Leve ls  in soil so lu t ions o f  both GNG and ULL2 showed peaks in Zn 
on Day 20 and Day 30 respect ively .  Zn levels  appeared to stabil ise  in 
soil  so lu t ions  o f  GNG (0-40) in all t rea tments  while  trends in the soil 
so lu t ion  o f  the amended ULL2 (0-10) soil did not show any definite  
pa t te rn .  Ma and Uren (1997) observed that m ost  of  the native Zn in 
soils  inc lud ing  Zn in field soils with long term histories  of  Zn 
fe r t i l i sa t io n  was found in the residual  frac t ion,  while Zn recently  
added  to soils as a fer t i l i se r  was found to be in the more react ive  and 
ava i lab le  forms,  i .e . ,  water  soluble,  exchangeable  and EDTA
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extractable. With time, the extractable Zn t ransformed into unreact ive 
forms which are associated with Fe, A1 and Mn oxyhydroxides .
The decreases in Zn levels in the soil solution noted in this study 
between DO and DIO of incubation could be due to t ransform ation  to 
unreactive forms. Even so, Zn fractions associated with Fe and Mn 
oxyhydroxides are likely to be the most available to plants (Kabata- 
Pendias and Pendias, 1992)
Figure 6.3a. Zn content in soil solution for GNG (0-40)
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A study of  the effects of continual drying and rewett ing observed that 
there was an enhancement in the t ransform ation  o f  the water  soluble 
and exchangeable Zn into unavai lable  forms. These t ransform at ions
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were more marked at higher temperatures,  22 °C and 40 °C (Ma and 
Uren,  1997). Soils for this study were wetted and dried at 40°C for 14 
days. Decreases in the % composition of the exchangeable fraction in 
the amended soil compared to the unamended soil could be due to the 
effect  o f  tempera ture  on the redis tr ibution of added Zn from the 
exchangeable  to less available forms.
Figure 6.3b. Zn content in soil solution for ULL2(0-10)
Sposito et al., (1982a) indicated that biosolids applicat ions increased 
carbonate  fractions o f  Zn. The same results were observed in this 
study and the marked difference between the Zn and Cu in the 
carbonate  fractions confirmed the suggest ion that Zn is often present
in inorganic  complexes (Dudley et al., 1987). Studies cited by
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McBride and Blasiak (1979) noted that adsorpt ion  of  Zn by carbonates 
has also been demonstrated. Carbonates and oxyhydrox ides  are usually  
accessory minerals  in humid climatic zones,  while  in soils o f  arid 
climate zones may contain carbonates in s ignif icant  quanti t ies .  The 
high carbonate bound Zn content  o f  the amended soil observed  seems 
to be a consequence of  biosolids amendment. Resul ts  o f  biosol ids 
fract ionation in Table 6.3 showed highest  levels  in the carbonate 
bound Zn fraction. The presence of  carbonate may be a consequence  of 
the wastewater  treatment process at Murray Bridge where  the  biosolids 
were collected. The levels in the unamended soils were 4 and 5 mg 
Zn/kg soil in GNG (0-40) and ULL2(0-10) respec t ive ly ,  while  after 
treatment,  the highest rates contained 10 and 13 mg Zn/kg soil.
6.3 Conclusions
The addition of  biosolids increased the total content  o f  Cu and Zn in 
the soils. The added metals were dis tr ibuted to o ther  forms,  which 
may be soluble, and therefore  b ioava i lab le ,  or inso lub le  and 
accumulate in the soil. The highest  p ropor t ion  o f  Cu and Zn remained
in the residual fractions.
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The dis t r ibut ion  of  Cu in the soils under study was highest in the 
organic  complexed metal fraction, implying the influence of Fe and A1 
oxyhydroxide  minerals in chelating Cu in these soils. Cu was also 
found to be high in the organic complexed fraction. The concentration 
o f  soluble Cu was low and its presence seemed to be strongly 
inf luenced by the behaviour of  the soil microbiol  population where 
increased mineral isa tion resulted in release of  soluble Cu. The results 
also show that decreasing DOC favoured soluble Cu.
Similarly ,  the distr ibution of Zn was influenced by Fe and A1 
oxyhydroxide  minerals,  but in contrast to Cu, Zn had a higher affinity 
to bind with carbonates than with organic matter.  Zn was also present 
in low concentra tions in the soil solution and its solubility seemed to 
be favoured by low pH. Mineralisat ion of biosolids organic matter
re leased soluble Zn.
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Chapter 7
General Conclusions and Recommendations
7.1 General conclusions
The objectives of  this study were to inves t iga te  the proper t ies  o f  the 
soils and the effects o f  adding biosol ids  on soil P, Cu and Zn. The 
study investigated the transformation o f  these e lements  in the solid as 
well as the solut ion phase of  the b iosol id  amended soils.  The soils 
under study had low pH, were h ighly  weathered  with low base 
saturation, but appreciable  amounts o f  Fe and A1 m inerals .  The
experimental resul ts est imated that the soils requ ire  h igh P 
fer ti lisation in order that soil solution P is rep len ished  to the 
concentration (i.e.,  0.06 mg P/L), requ ired  for op t im um  sugarcane 
growth (Uehara and Gillman, 1981).
Biosolids application elevated the soil so lu t ion  concen tra t ions  of  
most major elements, e. g., Ca, Mg, Na, K , P and S, at p ropor t ions  
that ref lected the amount o f  b iosol ids  added. Concen tra t ions  of
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m ic ro n u t r ie n ts  like Cu and Zn were also increased  but  when compared 
to the m ajo r  cations;  the va lues were orders o f  m agni tude  lower by 
ap p ro x im a te ly  100 -  3000 times. The concen tra t ions  o f  soluble  trace 
m e ta l s  u sua l ly  considered  toxic ,  e.g., Cd and Pb were be low  detect ion  
l im its .  The  va r ia t ions  in the so lubi l i ty  o f  those  e lements  present  at 
d e tec tab le  levels  were  in f luenced  by m ic rob io log ica l  and chemical  
r eac t ions  over the 90 days incubat ion  period .  Carbon dioxide 
m easu rem en ts ,  which  ind ica ted  m ic rob io log ica l  act iv i ty  and 
m in e ra l i s a t io n  were h ighes t  a round Day 20; concen tra t ions  o f  Ca, Mg, 
Na  and S peaked e i ther  on D20 and D30. The resul ts  suggested that  
the  low so lu t ion  pH th roughout  the 90 days contro l led  solut ion 
c o n cen tra t io n s  o f  e lements  through d isso lu t ion  o f  Ca and Mg 
p h o sp h a te  and carbonates .
The  absence  of  P in the soil solutions of  the GNG surface and 
subso i ls  after  Day 0 strongly  suggest  that  solu t ion  P was control led  
m o s t ly  by the Fe and A1 oxyhydroxide  minerals  through fixat ion. 
H ow ever ,  the presence  o f  P in ULL2 soil so lut ion re f lec ted  not only 
the  P b u ffe r ing  capaci ty  o f  the soil, it also implied  the leaching
po ten t ia l  o f  P.
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These results  showed that b iosol ids  app l ica t ions  at rates based  on crop 
P requirements  are suff icient  to re lease  m acronu tr ien ts ,  e.g.,  S, Ca, 
Mg, Na, K, and micronutr ients  like Cu and Zn, into the  soil so lu t ion  
and be plant available.  The contrast ing react ions  be tw een  the GNG 
and ULL2 soils to solut ion P implies that  for e f f ic ien t  use as a P 
fert i liser , sound investigat ion must  be completed  on the soil and 
biosolids prior  to formulating biosol id  applica t ion  rate.
In studies on P fract ionation in soils fo l lowing addit ion  o f  b ioso l id s ,  P 
was continuously transformed between f rac t ions  dur ing  incubat ion .  
There appeared to be t ranslocat ion  from the labi le  N a H C 0 3-P to the 
more stable P forms, i.e., NaOH-P and res idual  P. N aO H -P  is 
inorganic P associated with Fe and A1 m inera ls  w hi le  res idua l  P is 
operat ional ly  defined in this s tudy as P not rem oved  by N a H C 0 3, 
NaOH and HC1. Transform at ion  into the stable  P pools  seems to take 
place rapidly after applicat ion.P reac t ions  seemed to be con tro l led  
more by chemical  than b io logical  reac t ions .  S ign if ican t  am ounts  o f  P 
were present as organic P which appea red  to be  u n d e rg o in g
mineral isa t ion  over time.
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Sequen t ia l  f rac t io n a t io n  o f  biosol ids  amended soil for Cu and Zn 
show ed  that  h ighes t  f rac t ions  were in the res idual  forms. Highest  
p ro p o r t io n s  o f  the non-res idua l  Cu and Zn were complexed with 
o rgan ic  m at ter .  As a p ropor t ion  of  the total element, Zn was present  
in  s ign i f ican t  amounts  in inorganic  forms which are exchangeable  and 
could  be b io av a i lab le  immedia te ly  after applicat ion.  By contrast  the 
resu l ts  ind ica te  that  Cu becomes available  over  time. Rela tive to the 
m a jo r  cat ions ,  soil so lu t ion  concentra tions o f  Cu and Zn were low.
7.2 Im plications  for Fiji.
The resu l ts  o f  this s tudy bear  a number of  implica t ions  for the use o f  
b io so l id s  as an a l te rna t ive  source of  nu t r ien t  P on Oxisols and Ult isols  
in sugarcane  g row ing  areas of  Fiji . Studies have  shown that  b iosol ids  
im p ro v e  soil s t ruc tu re  and soil mois ture  re ten t ion  that would be of  
g rea t  advan tage  to the heavier  soils under  sugarcane, which often 
exper ien ce  both  dry spells  and heavy dow npours  annually. Biosol ids  
h ave  been  desc r ibed  as a slow release  fe r t i l i se r  which means that  
r es idua l  e ffec ts  could  be benef ic ia l  for longer  per iods  through organic  
m a t te r  m in e ra l i sa t io n .  Average  tem pera tu res  in Fiji are about 27°C 
w hich  is favourab le  for  m inera l i sa t ion  sugges t ing  that  organic  P could
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be mineral ised faster and contr ibute  more to plant  avai lab le  P as a 
long term amendment.
The behaviour of  soluble P in the GNG soil seemed to suggest  that 
biosolids was not suitable for use as a straight fer t i l i se r  on highly 
weathered soils because of  P fixation. However,  the behaviour  of 
soluble P shown by ULL2 suggested that biosol ids  could be used to 
complement the inorganic P fertilisers, i.e., the b iosol ids  could allow 
for a more efficient use of P fer ti liser  applied at lower rates to avoid 
excess P, which could lead to eutrophication.
In addition to P, biosolids can be used as a soil amélioran t  to supply 
organic matter,  major nutrients like N, P, K, S, and m inor  nutrients  
like Cu and Zn which are essential for sugar-cane growth.  It has been 
shown that sugarcane growth reduces soil organic  m at te r  so addit ion 
of  biosolids would not only compensate  for this loss, bu t  would  also 
add nutrients in a relatively  balanced composit ion.
The results showed that soil reactions with b ioso l ids ,  including  
transformations,  took place within  the first 20 days o f  contact  
suggesting that biosolids could be worked in during land prepara t ion .
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The t im ing  o f  app l ica t ion  and amounts o f  inorganic  P fer t i l i se r  added 
shou ld  be es t im ated  accura te ly  to opt imise  maximum benef i ts  to 
fa rm ers  and m in im ise  P loss.
B ioso l id s  are cu rren t ly  not being used for any purpose  in Fiji and are 
f ree ly  ava i lab le .  Based on the results  and information  gathered from 
th is  s tudy, i f  sugarcane  farming could util ise  biosolids ,  Fij i  would 
acqu ire  subs tan t ia l  economic  benefi ts  through savings in foreign 
exchange.
7.3 R ecom m endations for future work.
A n u m b er  o f  issues will need to be addressed on the use o f  b iosol ids  
in Fij i .  W as tew a te r  t rea tm ent  plants  are located in urban areas while 
sugar  cane farm s are located some distance away at times up to 80 km 
w hich  w ou ld  create  prob lem s in handling  and incur extra costs in 
t ranspor t .  O ther  opt ions could be looked at, e.g., for Suva, 
in v es t ig a t io n s  could be d irected at using  b iosol ids  on other  crops 
p a r t i c u la r ly  t ree  crops l ike cocoa and pawpaw, which could be grown
on farms in c lose  p rox im ity  to the t rea tm ent  plants.
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Wastes from sugar mil l ing include baggase  and a lka l ine  mil l  mud. In 
Fij i ,  in three of  the four sugar mills,  these wastes  r em a in  s tockpiled  
posing  environmental  problems. Inves t iga t ions  could be carr ied  out on 
compost ing  biosol ids with these mil l  wastes  or o ther  munic ipal  
wastes. Studies can be carried out to look at the  poss ib i l i ty  of  
p roducing  biosolids pellets  or granules as the  m ed ium  for land 
applicat ion. These forms would fac i l i ta te  pack ing ,  hand l ing  and 
t ransport ing.
In order that better  est imates o f  inorganic  fe r t i l i se r  r eq u i rem en ts  are 
made, it is essentia l that organic P m in e ra l i sa t io n  are fur ther  
unders tood.  Similar  incubation as that conducted  in this s tudy should 
be carried out for a longer period like 1-3 yrs to inves t iga te  var ia t ion  
in organic P. The experiment  could be designed  to inc lude  the effects  
o f  incubation tempera tures  be tween 25°C -  30°C. Fur ther ,  P 
adsorpt ion isotherms o f  the incubated soils should  be inves t iga ted  to 
de termine  sugar cane or specific  crop fe r t i l i se r  req u i re m e n ts  o f  
b iosol ids  amended soils.
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Appendices
Appendix 1. Soil descriptions
The soils were collected from 5 sites around the I llawara region as 
shown on the map.
GNG 01
Loca t ion  A west facing road cutting along the Gerringong to Geroa 
Road.
T opography  Rolling hill  country with <5° slope 
Pa ren t  Material  Latite  member
Climate Receives an average annual rainfall of 1200 mm and an 
ave tempera ture  of 18°C. Summer temperature  average 
24°C, winter  temperature  average 12°C
V egeta t ion Covered with natural vegetat ion of  cassias, privet and 
bi t tu  bush
Dra inage The site is well drained.
P r o f i l e  d e s c r i p t i o n :
A 0-40 cm very dark brown (10YR 2/2); clay loam, very friable, well 
developed granular  peds; very common fine roots; sharp 
boundary.
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Bi 40-96cm mixed colours o f  dusky red (10R 3/2) and dark  redd ish  
brow n (2.5YR 2.5/4) clay; w e l l -d e v e lo p ed  su b -an g u la r  
b locky structure; pa tchy  clay skins on peds;  v .s t icky;  
fewer  fine roots; s t ra igh t  d i f fuse  boundary .
B2 96-160cm dark red (2.5YR 3/6) ; clay; w e l l -d e v e lo p ed  sub -an g u la r  
b locky structure; common clay skins;v.  s t icky; very  few 
roots.
JB U  1
Location Jamberoo landscape;  road  cut t ing  in upper  Saddleback  
Road outside Kiama.
Topography Rolling hills genera l ly  <25% slopes w ith  broad  cres ts  and 
ridges.
Parent  material  Saddleback lat i te  m em ber -  b lack  p o rp h y r i t ic  mafic  
latite.
Climate Receives an average annual  ra in fa l l  o f  1200 m m  and an 
ave tempera ture  o f  18°C. Sum m er  tem p era tu re  average  
24°C, winter tem pera ture  average  12°C
Vegeta tion Pasture  land with scat tered  s tands  o f  c losed  forest.
Drainage Well drained
Profi le  description
0-25 cm dark reddish  brown (5Y R  3/2) clay loam; m odera te ly
developed fine subangu lar  b lo ck y  and g ran u la r  s t ructure;  
common fine and m edium  roots ;  in d is t in c t  b oundary .
25-100 cm ye l lowish  red (5YR 4/6) s l igh t ly  s tony to sandy  clay;
massive,  break ing  to m o d e ra te ly  d ev e lo p ed  sub an g u la r  
b locky  structure;  few fine roots .
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TGA
Classif icat ion Typic  Aerie Epiaquult ( Soil Survey Staff, 1996)
Location Shoalhaven city council tea tree trial site about 700m 
south west of the Ulladulla STP, NSW, Australia.
Topography Gently sloping hills <5% merging with coastal plain. 
Parent material  Undifferentiated sediments of Tertiary age, the
Climate
sediments contain sand, gravel, quartzite, sandstone and 
conglomerates
Temperate  marine climate, average temperature 18° C. 
Average rainfall 926 mm/yr
Vegetation The site has been cleared of its natural vegetation which 
was heathland scrub amongst Eucalyptus forest.
Drainage Drains south east into the Racecourse creek. Presence of 
mottles  suggesting poor drainage.
Profi le  descriptions
0 - 3 0  cm moist; mixed brown colours (7.5YR 4/2, 10YR 4/3) loamy 
sand/  sandy loam with a fine sand fraction ;weak peds 5- 20 
mm size ; sub-angular blocky structure, weak consistency; 
mixed coloured mottles, yellowish brown( 10YR 5/8) and 
light  grey (10YR 7/2); mottles 2-10% abundant with t 
ransi t ion to the next horizon.
30 -53  cm moist; brown (10YR 5/3) sandy loam with fine sand 
fraction; moderately developed peds 10-20 mm in size; 
subangular  blocky ; weak consistency; mixed coloured 
mottles , a dominant yellow (10YR 7/8) and a sub dominant 
p inkish grey ( 7.5YR 7/2); sharp boundary.
63 -  82 cm Moist,  white ( 10Y 8/2) with 10-20% strong brown (7.5YR 
5/8) mottles; medium clay with fine sand fraction, prismatic
Y'fcA/'lc O D - ^ D m  m  tm 01 t o  vwi tin m  a  rl a r  o t  o t a  f i r t n  ^ A t ic i  c t a n / ' V
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and roots preferential ly follow the clay structure;  slaking 
aggregate; clear transition.
ULL 2
Location In the middle of  a paddock on the property  o f  Mr Barry 
Leaney ; a north facing crest<5%;
Topography Gentle undulating hills
Parent material Laccolith of porphyri tic  monzonite o f  late Permian
Climate
age (Ward 1991)
Temperate maritime climate with variable  rainfall,  
average annual rainfall o f  1200 mm and an ave 
temperature of 18°C. Summer temperature  average 
24°C, winter temperature average 12°C.
Vegetation Cleared of natural vegetat ion and replaced by pasture  grass 
with a few stands of trees.
Drainage Well drained. The site drains to Stoney creek.
Profile description
Apj 0 -  10 cm moist; dark reddish brown (5YR 3/2) sandy clay loam;
strongly developed subangular  b locky s truc ture  with peds 
to 100 mm; presence of charcoal pieces; s l ightly  sticky; 
fine roots common; straight sharp boundary.
Ap2 10 — 22 cm moist; strong brown (7.5YR 3/6) silty clay loam;
compact; massive structure to weak subangular  blocky 
and granular ; presence of  pieces of  charcoal;  common 
fine roots; straight but indis tinct  boundary.
AB 22 -  37 cm moist, dark reddish brown (2 .5YR 3/4) medium clay
with darker mottles  ( 5YR 3/3); less massive,  weak 
angular and subangular blocky structure with peds to 100 
mm; moderately sticky; fewer roots than above; sl ightly
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B 37 -  100 cmmodera te ly  moist,  red (2.5YR 4/6) heavy clay; angular
ULL1
and subangular blocky structure with peds to 60mm; very 
sticky, absence of roots.
Location A road cutting along the Woodstock road close to Milton.
Topography Gentle undulating hills
Parent  material  Laccoli th of porphyritic  monzonite of late Permian
age (Ward 1991)
Climate Temperate  maritime climate with variable rainfall,  
average annual rainfall of  1200 mm and an ave 
temperature  of 18°C. Summer temperature average 
24°C, winter temperature average 12°C.
Vegeta t ion The site has been cleared of  natural vegetation and replaced 
by grass with a few stands of trees.
Drainage Well drained.
Profi le  Description
0 - 2 5  cm moist; black (10YR 2/1), weakly developed peds, silty clay 
loam, friable; sub-angular  blocky and granular ; v.common 
fine roots; indist inct  boundary..
25 - 45 cm moist,  dark yellowish brown (10YR 3/4) silty clay, weak 
angular  and sub-angular blocky structure with peds to 100 
mm; moderately sticky; fine roots common; pebbles and 
stones.
45 -80 cm mois t  dark brown (7.5YR 3/2), clay loam; well developed 
sub-angular  blocky, very sticky, fine roots
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A p p en d ix  2. Schem atic  D ia g ra m -  M u r r a y  B r id g e  W a s t e - w a t e r  
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Appendix 3. Soil solution concentrations of other elements
(m g/L) for GNG (0-40)- X, GNG (40-96)- Y and ULL2 (0-10)- Z. 
Al
DO D10 D20 D30 D60 D90
x o 0.22 <0.004 <0.004 <0.004 <0.004 <0.004
X1 <0.004 <0.004 <0.004 <0.004 <0.004 <0.004
X2 <0.004 0.01 <0.004 <0.004 <0.004 <0.004
X3 <0.004 0.08 0.12 <0.004 <0.004 <0.004
YO <0.004 1.34 0.91 1.86 1.04 5.33
Y1 <0.004 <0.004 0.07 <0.004 0.03 0.45
Y2 <0.004 <0.004 <0.004 <0.004 <0.004 0.21
Y3 <0.004 <0.004 <0.004 0.01 <0.004 <0.004
ZO 0.13 0.01 <0.004 0.02 <0.004 <0.004
Z1 0.06 <0.004 <0.004 0.00 <0.004 0.01
Z2 0.04 <0.004 <0.004 0.03 <0.004 <0.004
Z3 0.01 <0.004 <0.004 0.03 <0.004 0.00
Boron
DO D10 D20 D30 D60 D90
x o 0.04 0.42 <0.012 0.56 <0.012 0.80
X1 0.04 0.90 0.52 0.29 0.40 0.70
X2 0.03 0.74 0.64 0.77 0.46 0.31
X3 0.03 0.44 0.60 0.44 0.77 0.52
YO 0.02 0.65 0.47 <0.012 1.09 0.35
Y1 0.02 0.56 0.72 <0.012 1.28 0.34
Y2 0.01 0.75 0.62 <0.012 0.75 0.39
Y3 0.02 0.31 0.52 <0.012 0.79 0.39
ZO 0.04 0.46 0.57 <0.012 0.41 0.22
Z1 0.05 0.51 0.42 0.40 0.42 0.23
Z2 0.27 0.48 0.63 <0.012 0.42 0.41



















































































DO D10 D20 D30 D60 D90
xo 0.06 <0.008 <0.008 <0.008 0.423 <0.008
X1 <0.008 <0.008 <0.008 <0.008 <0.008 <0.008
X2 <0.008 <0.008 <0.008 <0.008 <0.008 <0.008
X3 <0.008 <0.008 0.08 <0.008 <0.008 <0.008
YO <0.008 0.99 0.72 2.35 0.78 4.17
Y1 <0.008 <0.008 <0.008 <0.008 0.05 0.34
Y2 <0.008 <0.008 <0.008 <0.008 <0.008 0.15
Y3 <0.008 <0.008 <0.008 0.027 <0.008 <0.008
ZO <0.008 <0.008 <0.008 <0.008 <0.008 <0.008
Z1 <0.008 <0.008 <0.008 <0.008 <0.008 <0.008
Z2 <0.008 <0.008 <0.008 <0.008 <0.008 <0.008
Z3 <0.008 <0.008 <0.008 <0.008 <0.008 <0.008
Mn
DO D10 D20 D30 D60 D90
x o 0.01 <0.003 <0.003 0.02 0.045 0.01
X1 0.01 <0.003 0.14 0.08 0.267 0.03
X2 0.01 <0.003 <0.003 0.14 <0.003 0.18
X3 0.01 <0.003 0.09 0.54 <0.003 0.52
YO <0.003 <0.003 <0.003 <0.003 <0.003 <0.003
Y1 <0.003 <0.003 <0.003 <0.003 <0.003 <0.003
Y2 <0.003 <0.003 <0.003 <0.003 <0.003 <0.003
Y3 <0.003 0.03 0.16 <0.003 <0.003 <0.003
ZO 0.26 0.26 0.25 0.183 0.57 0.53
Z1 0.12 0.06 0.40 0.098 1.30 0.76
Z2 1.04 0.15 0.55 0.446 3.73 1.45
Z3 1.55 2.83 7.95 0.896 11.60 2.68
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